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(54) ARTICLE WITH A SUBSTRATE HAVING A PLURALITY OF THROUGH HOLES

(57) The present application relates to an article com-
prising a substrate having a plurality of through-holes
continuously extending from a first surface of the sub-
strate to a second surface of the substrate, wherein the
substrate is transparent to at least one wavelength in a
range from 390 nm to 700 nm, the plurality of
through-holes have a diameter of 20 microns or less, a
spacing between adjacent through-holes of 10 microns
or greater, the plurality of through-holes comprise an

opening in the first surface, an opening in the second
surface, and a waist located between the opening in the
first surface and the opening in the second surface, a
diameter of the waist is at least 50% of the diameter of
the opening in the first surface or the opening in the sec-
ond surface; and a difference between a diameter of the
opening in the first surface and a diameter of the opening
in the second surface is 3 microns or less.
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Description

RELATED APPLICATIONS

[0001] This application claims the benefit of Priority un-
der 35 U.S.C. § 120 of U.S. Application No. 14/535800,
filed on November 07, 2014 which claims benefit of U.S.
Provisional Application No. 62/073191, filed on October
31, 2014, which claims the benefit of U.S. Provisional
Application No. 62/023429 filed on July 11, 2014, and
U.S. Provisional Application No. 61/917179, filed on De-
cember 17, 2013, The entire teachings of the above ap-
plications are incorporated herein by reference.

BACKGROUND

[0002] Today there is intense interest in thin glass with
precision formed holes for electronics applications. The
holes are filled with a conducting material, and are used
to conduct electrical signals from one part to another,
allowing precision connection of central processing units,
memory chips, graphical processing units, or other elec-
tronic components. For such applications, substrates
with metalized holes in them are typically called "inter-
posers." As compared to presently used interposer ma-
terials such as fiber reinforced polymer or silicon, glass
has a number of advantageous properties. Glass can be
formed thin and smooth in large sheets without the need
for polishing, it has higher stiffness and greater dimen-
sional stability than organic alternatives, it is a much bet-
ter electrical insulator than silicon, it has better dimen-
sional (thermal and rigidity) stability than organic options,
and it can be tailored to different coefficients of thermal
expansion to control stack warp in integrated circuits.
[0003] A variety of hole formation methods can be used
to create holes in glass, such as hot pressing, lithography
of photo-machinable glass, electric-discharge drilling,
powder blasting, and a wide variety of laser drilling meth-
ods. With any of the techniques, the challenge is gener-
ally around forming a hole of sufficient quality (low crack-
ing, appropriate size or roundness) at a high enough rate
(holes/sec) which ultimately affects cost. For example,
hot pressing of glass has difficulty forming holes of small
enough dimensions (less than or equal to about 100 mi-
crons), electrical discharge drilling can be difficult to do
with a tight hole pitch (i.e., a hole to hole distance of less
than about 50 microns), laser drilling of holes using beam
trepanning can be slow (e.g., about 1 hole/sec), and ex-
cimer laser processing and photomachinable glass can
have large initial capital costs.
[0004] Laser drilling methods with UV nanosecond la-
sers have been demonstrated that make particularly high
quality holes. A laser is used to make about 10 micron
diameter pilot holes using multiple (e.g., hundreds) of
laser pulses per hole, and then the part is etched with
acid to enlarge the holes and achieve the target dimen-
sions. The holes are subsequently metalized, redistribu-
tion layers are added to fan out electrical signals, and

the parts are diced into smaller pieces to create functional
interposers. However, laser drilling can be a time con-
suming process, and with percussion drilling (i.e., one
pulse after another at the same location), it can take hun-
dreds of pulses to drill an individual hole to the desired
depth. As the capital cost of a precision laser drilling plat-
form can be significant (approaching $1M/machine),
speed of hole formation is a key parameter in overall
interposer production cost.
[0005] Therefore, there is a need for a method of laser
drilling a material, such as glass, that minimizes or elim-
inates the above mentioned problems.

SUMMARY

[0006] The embodiments disclosed herein are directed
to a method of forming damage tracks (also referred to
as pilot holes) at extremely fast rates. By taking advan-
tage of a specialized optical delivery system and a pico-
second pulsed laser, damage tracks/pilot holes can be
drilled in the glass or other transparent material with as
little as a single laser pulse being required to form each
damage track/pilot hole. This process enables damage
track/pilot hole drilling rates that are easily 100X faster
than what might be achieved with the nanosecond laser
drilling process described above. However, the initial
damage track/pilot hole is generally too small to allow
filling with an electrically conductive material, and often
not contiguous. So, by itself, such a damage track/pilot
hole is not suitable for an interposer or an electrical via.
By combining the aforementioned process with a subse-
quent acid etching step, the damage tracks or pilot holes
can then be enlarged, in a highly parallel process, to hole
sizes that are practical for interposers. This combined
process produces holes in glass that are of appropriate
size (from less than twenty microns to on the order of
tens of microns), profile, and quality for interposers at
much lower cost per part than other methods.
[0007] In one embodiment, a method of laser drilling
or forming through-holes in a substantially transparent-
material includes focusing a pulsed laser beam into a
laser beam focal line oriented along the beam propaga-
tion direction and directed into the material, the laser
beam focal line generating an induced absorption within
the material, the induced absorption producing a damage
track along the laser beam focal line within the material,
and translating the material and the laser beam relative
to each other, thereby laser forming a plurality of damage
tracks. The method further includes etching the material
in an acid solution to produce holes of a diameter greater
than 1 micron by enlarging the defect lines in the material.
The etch rate can be a rate of less than about 10 mi-
crons/min, such as a rate of less than about 5 mi-
crons/min, or a rate of less than about 2 microns/min.
The Thiele modulus of the etching process can be less
than or equal to 2.
[0008] In some embodiments, the pulse duration can
be in a range of between greater than about 1 picosec-
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onds and less than about 100 picoseconds, such as
greater than about 5 picoseconds and less than about
20 picoseconds, and the repetition rate can be in a range
of between about 1 kHz and 4 MHz, such as in a range
of between about 10 kHz and 650 kHz. In addition to a
single pulse at the aforementioned repetition rates, the
pulses can be produced in bursts of two pulses or more
(such as 3 pulses, 4, pulses, 5 pulses or more) separated
by a duration in a range of between about 1 nsec and
about 50 nsec, for example, 10 to 30 nsec, such as about
20 nsec plus or minus 2 nsec, at an energy of at least 40
mJ per burst, and the burst repetition frequency can be
in a range of between about 1 kHz and about 200 kHz.
The pulsed laser beam can have a wavelength selected
such that the material is substantially transparent at this
wavelength. The average laser energy per burst meas-
ured at the material can be greater than 40 microJoules
per mm thickness of material, for example between 40
microJoules/mm and 1000 microJoules/mm, or between
100 microJoules/mm and 650 microJoules/mm. The
pulsed laser beam can have a burst energy density in a
range from 25 microJoules/mm of line focus to 125 mi-
croJoules/mm of line focus. The pulsed laser beam can
produce at least 500 damage tracks/sec, at least 1,000
damage tracks/sec, or at least 5,000 damage tracks/sec.
The damage tracks can be made in an aperiodic pattern.
[0009] The laser beam focal line can be created by
using a Bessel beam or a Gauss-Bessel beam. The focal
line can be generated using an axicon. The laser beam
focal line can have a length in a range of between about
0.1 mm and about 10 mm, such as about 1 mm, about 2
mm, about 3 mm, about 4 mm, about 5 mm, about 6 mm,
about 7 mm, about 8 mm, or about 9 mm, or a length in
a range of between about 0.1 mm and about 1 mm, and
an average spot diameter in a range of between about
0.1 micron and about 5 microns. The through-holes each
can have a diameter between 5 microns and 100 microns.
The damage tracks each can have a diameter less than
or equal to about 5 microns. In some embodiments, the
material can be a stack of glass sheets. The spacing of
the holes can be between 50 microns and 500 microns,
or between 10 microns and 50 microns. Translating the
material and the laser beam relative to each other can
comprise translating the glass sheet with a series of linear
stages, or translating the laser beam using linear stages,
a resonant scanning mirror scanner, a galvanometer
(galvo) mirror scanner, a piezo-electric adjustable mirror,
or an acousto-optic beam deflector. The method can fur-
ther include coating the interior glass surfaces at the
through-holes with a conductor to produce conductivity
between top and bottom of the through-holes, or coating
the interior glass surface at the through-holes to facilitate
attachment of biomolecules. The material can be trans-
parent to at least one wavelength in a range from 390
nm to 700 nm and/or can transmit at least 70% of at least
one wavelength in a range from 390 nm to 700 nm. The
material can be glass, fused silica, or a stack of glass
sheets.

[0010] In some embodiments, the plurality of through-
holes have a diameter of 20 mm or less, a spacing be-
tween adjacent through-holes of 10 mm or greater, the
plurality of through-holes comprise an opening in the first
surface, an opening in the second surface, and a waist
located between the opening in the first surface and the
opening in the second surface, a diameter of the waist
is at least 50% of the diameter of the opening in the first
surface or the opening in the second surface , and a dif-
ference between a diameter of the opening in the first
surface and a diameter of the opening in the second sur-
face is 3 mm or less. Further embodiments include glass
articles made according to the methods described above
and in the detailed description.
[0011] In another embodiment, a glass article includes
a substrate having a plurality of damage tracks, wherein
the damage tracks have a diameter of less than 5 mi-
crons, a spacing between adjacent holes of at least 20
microns, and an aspect ratio of 20:1 or greater. The di-
ameter of the damage tracks can be less than 1 micron.
[0012] In still another embodiment, a glass article in-
cludes a stack of glass substrates with a plurality of holes
formed through said stack, wherein the holes extend
through each of the glass substrates, and wherein the
holes are between about 1 micron and about 100 microns
in diameter and have a hole-to-hole spacing of about
25-1000 microns. The glass article can include at least
two glass substrates separated by an air gap larger than
10 microns.
[0013] In yet another embodiment, a substantially
transparent article includes a multilayer stack of materials
substantially transparent to a wavelength between about
200 nm and about 2000 nm, the multilayer stack having
a plurality of holes formed through the multiple layers of
the stack. The holes are between 1 micron and 100 mi-
crons in diameter and have a hole-to-hole spacing of
25-1000 microns. The multilayer stack can include any
one or more of the following: a) multiple glass layers and
at least one polymer layer situated between the glass
layers, b) at least two glass layers of different composi-
tions, or c) at least one glass layer and at least one non-
glass inorganic layer.
[0014] In still yet another embodiment, a method of
forming through-hole in a material includes forming a plu-
rality of damage tracks into the material by focusing a
pulsed laser beam into a laser beam focal line oriented
along a beam propagation direction and directing the la-
ser beam focal line into the material, wherein the damage
tracks have a diameter of 5 mm or less, and etching the
material in an acid solution to enlarge the plurality of de-
fect lines to produce a plurality of through-holes in the
material, wherein a Thiele modulus of the etching is less
than or equal to 2. The material can be transparent to at
least one wavelength in a range from 390 nm to 700 nm
and/or can transmit at least 70% of at least one wave-
length in a range from 390 nm to 700 nm. The method
can also include mechanically agitating the acid solution
during etching. The acid solution can include a surfactant.
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The plurality of through-hole can have a diameter of 20
mm or less and a spacing between adjacent through-hole
of at least 10 mm. The plurality of through-holes comprise
an opening in the first surface, an opening in the second
surface, and a waist located between the opening in the
first surface and the opening in the second surface, a
diameter of the waist is at least 50% of the diameter of
the opening in the first surface or the opening in the sec-
ond surface , and a difference between a diameter of the
opening in the first surface and a diameter of the opening
in the second surface is 3 mm or less.
[0015] In further embodiments, an article includes a
substrate having a plurality of through-holes continuously
extending from a first surface of the substrate to a second
surface of the substrate, wherein the substrate is trans-
parent to at least one wavelength in a range from 390
nm to 700 nm, the plurality of through-holes have a di-
ameter of 20 mm or less, the plurality of through-holes
comprise an opening in the first surface, an opening in
the second surface, and a waist located between the
opening in the first surface and the opening in the second
surface, a diameter of the waist is at least 50% of the
diameter of the opening in the first surface or the opening
in the second surface, and a difference between a diam-
eter of the opening in the first surface and a diameter of
the opening in the second surface is 3 mm or less. The
plurality of through-holes can have a diameter greater
than 5 mm, a diameter of 15 mm or less, or a diameter of
10 mm or less. the diameter of the waist is at least 70%,
at least 75%, or at least 80% of the diameter of the open-
ing of the first surface or the opening in the second sur-
face. The substrate can be fused silica, glass, or chem-
ically strengthened glass. The substrate can have a thick-
ness of 1 mm or less, or a thickness in a range from 20
mm to 200 mm. The through-holes can have a density in
a range from 5 through-holes/mm2 to 50 through-
holes/mm2. The through-holes can have an aspect ratio
in a range from 5:1 to 20:1. The through-holes can have
an aperiodic pattern. The through-holes contain a con-
ductive material.
[0016] The embodiments described herein provide
many advantages including enabling the formation of
holes/damage tracks with as little as a single laser pulse
or a single burst of pulses, allowing much faster drilling
or hole/damage track formation rates than traditional per-
cussion drilling laser methods. The hole/damage track
drilling rate described herein is limited only by the repe-
tition rate of the laser and the speed at which the laser
beam can be moved to the next drill location. Drilling
speeds of hundreds of holes/sec are easily achieved,
and depending on the stages used and hole pattern den-
sity, drill rates of more than 10,000 holes/sec are possi-
ble. Additionally, this process can drill multiple parts at
the same time (stacks), further increasing the throughput
of the system.
[0017] Due to the line focus optics, the laser drilled
holes/damage tracks are extremely small (e.g., about 1
micron) in diameter, which is much smaller than the ab-

lated hole dimensions achievable with Gaussian optical
beams (typically greater than about 10 microns).
[0018] Use of acid etching allows for formation of via
through holes with dimensions that are practical for met-
allization or other chemical coating. All pilot holes/dam-
age tracks are enlarged in parallel to a target diameter
in a parallel process, which is much faster than using a
laser to drill out the holes to a large diameter by using
further laser exposure.
[0019] Acid etching creates a stronger part than use
of the laser only, by blunting any micro-cracks or damage
caused by the laser.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] The foregoing will be apparent from the follow-
ing more particular description of example embodiments,
as illustrated in the accompanying drawings in which like
reference characters refer to the same parts throughout
the different views. The drawings are not necessarily to
scale, emphasis instead being placed upon illustrating
embodiments.

FIG. 1 is a schematic illustration of one embodiment
of an optical assembly for laser drilling.
FIGS. 2A and 2B are illustrations of positioning of
the laser beam focal line, i.e., the processing of a
material transparent for the laser wavelength due to
the induced absorption along the focal line.
FIG. 3A is an illustration of an optical assembly for
laser processing according to one embodiment.
FIG. 3B-1 through 3B-4 is an illustration of various
possibilities to process the substrate by differently
positioning the laser beam focal line relative to the
substrate.
FIG. 4 is an illustration of a second embodiment of
an optical assembly for laser processing.
FIGS. 5A and 5B are illustrations of a third embodi-
ment of an optical assembly for laser processing.
FIG. 6 is a graph of laser emission (intensity) as a
function of time for exemplary picosecond lasers.
FIGS. 7A and 7B are scanning electron micrographs
of the features formed by laser drilling, as made in
a piece of Eagle XG® glass.
FIG. 8 is a microscope image of typical damage
tracks, perforations or defect lines (these three terms
are used interchangeably herein), side view, no etch-
ing. The tracks made through the glass are generally
not completely open - i.e., regions of material are
removed, but complete through-holes are not nec-
essarily formed.
FIG. 9 is a microscope side view image at greater
magnification than the micrograph shown in FIG. 8
of damage tracks or perforations, with no acid etch-
ing.
FIG. 10 is a microscope image of typical damage
tracks or holes, top view, no acid etching.
FIG. 11 is a scanning electron micrograph of holes
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made with process conditions that gave significant
micro-cracking, by use of a shorter focal length ob-
jective lens (f=30 mm) which gave a shorter focal
line (∼0.5 mm) and hence high energy density in the
defect line.
FIG. 12 is a scanning electron micrograph of holes
that do not penetrate the full thickness of the part,
and which can be used to make blind vias.
FIGS. 13A and 13B are scanning electron micro-
graphs of entrance holes post etch (laser incident
side) and exit holes - post acid etch (laser exit side),
respectively.
FIG. 14 is a post-etch image of the impact of micro-
cracking. The microcracks have been acid etched
out into elongated features.
FIG. 15 is a photograph showing side views of holes
- post acid etch. The sample has been diced to show
a cross section. The bright areas are the glass; the
dark areas are the holes.
FIG. 16 is a photograph showing side views of holes
- post acid etch, but with higher magnification than
the photograph shown in FIG. 15.
FIGS. 17A-17C are graphs of number of holes as a
function of diameter at the top (FIG. 17A), bottom
(FIG. 17B), and at the waists (FIG. 17C), showing
hole diameter statistics made on about 10,000 holes,
post-etch.
FIGS. 18A-18C are graphs of number of holes as a
function of diameter at the top (18A), bottom (18B),
and at the waists (18C), showing circularity statistics,
post-etch. Circularity = max diameter-min diameter
of a given hole. The data indicates all holes are with-
out significant cracks/chips, which would etch out
into significantly non-round shapes.
FIGS. 19A-19C are photographs of radial cracks be-
fore etching (FIG. 19A), and greater magnification
of the entrance hole array (FIGS. 19B and 19C).
FIGS. 20A-20C are photographs of holes before
etching, showing a top view (FIG. 19A), bottom view
(FIG. 19B), and side view (FIG. 19C).
FIGS. 21A-21E are photographs of top views of
holes post acid etching at 55% laser power (FIG.
21A), 65% laser power (FIG. 21B), 75% laser power
(FIG. 21C), 85% laser power (FIG. 21D), and 100%
laser power (FIG. 21E).
FIGS. 22A-22E are photographs of bottom views of
holes post acid etching at 55% laser power (FIG.
22A), 65% laser power (FIG. 22B), 75% laser power
(FIG. 22C), 85% laser power (FIG. 22D), and 100%
laser power (FIG. 22E).
FIGS. 23A-23C are photographs of top views of
holes post acid etch - FIG. 23A: 100 micron holes at
200 micron pitch in a 150x150 array; FIGS. 23B and
23C: 50 micron holes at 100 micron pitch in a
300x300 array, showing (FIG. 23C) some cracked
and chipped holes.
FIGS. 24A-24C are graphs of number of holes a func-
tion of diameter for a sample having 100x100 array

of holes, showing results for a sample for the top
(FIG. 24A), bottom (FIG. 24B), and waists (FIG.
24C).
FIGS. 25A-25C are graphs of number of holes a func-
tion of circularity for a sample having 100x100 array
of holes, showing results for a sample for the top
(FIG. 25A), bottom (FIG. 25B), and waists (FIG.
25C).
FIGS. 26A-26C are graphs of number of holes a func-
tion of diameter for a sample having 100x100 array
of holes, showing results for a second sample for the
top (FIG. 26A), bottom (FIG. 26B), and waists (FIG.
26C).
FIGS. 27A-27C are graphs of number of holes a func-
tion of circularity for a sample having 100x100 array
of holes, showing results for a second sample for the
top (FIG. 27A), bottom (FIG. 27B), and waists (FIG.
27C).
FIGS. 28A-28C and 29A-29C are post acid etch pho-
tographs of 30 micron and 50 micron holes, respec-
tively, made using 100% laser power, showing top
(FIGS. 28A, 29A), side (FIGS. 28B, 29B), and bottom
(FIGS. 28C, 29C) views.
FIGS. 30A-30C and 31A-31C are post acid etch pho-
tographs of 75 micron and 100 micron holes, respec-
tively, made using 100% laser power, showing top
(FIGS. 30A, 31A), side (FIGS. 30B, 31B), and bottom
(FIGS. 30C, 31C) views.
FIGS. 32A-32C and 33A-3C are post acid etch pho-
tographs of 30 micron and 50 micron holes, respec-
tively, made using 85% laser power, showing top
(FIGS. 32A, 33A), side (FIGS. 32B, 33B), and bottom
(FIGS. 32C, 33C) views.
FIGS. 34A-34C and 35A-35C are post acid etch pho-
tographs of 75 micron and 100 micron holes, respec-
tively, made using 85% laser power, showing top
(FIGS. 34A, 35A), side (FIGS. 34B, 35B), and bottom
(FIGS. 34C, 35C) views.
FIGS. 36A-36C and 37A-37C are post acid etch pho-
tographs of 30 micron and 50 micron holes, respec-
tively, made using 75% laser power, showing top
(FIGS. 36A, 37A), side (FIGS. 36B, 37B), and bottom
(FIGS. 36C, 37C) views.
FIGS. 38A-38C and 39A-39C are post acid etch pho-
tographs of 75 micron and 100 micron holes, respec-
tively, made using 75% laser power, showing top
(FIGS. 38A, 39A), side (FIGS. 38B, 39B), and bottom
(FIGS. 38C, 39C) views.
FIGS. 40A-40C and 41A-41C are post acid etch pho-
tographs of 30 microns and 50 micron holes, respec-
tively, made using 65% laser power, showing top
(FIGS. 40A, 41A), side (FIGS. 40B, 41B), and bottom
(FIGS. 40C, 41C) views.
FIGS. 42A-42C and 43A-43C are post acid etch pho-
tographs of 75 micron and 100 micron holes, respec-
tively, made using 65% laser power, showing top
(FIGS. 42A, 43A), side (FIGS. 42B, 43B), and bottom
(FIGS. 42C, 43C) views.
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FIGS. 44A-44C and 45A-45C are post acid etch pho-
tographs of 30 micron and 50 micron holes, respec-
tively, made using 55% laser power, showing top
(FIGS. 44A, 45A), side (FIGS. 44B, 45B), and bottom
(FIGS. 44C, 45C) views.
FIGS. 46A-46C and 47A-47C are post acid etch pho-
tographs of 75 micron and 100 micron holes, respec-
tively, made using 55% laser power, showing top
(FIGS. 46A, 47A), side (FIGS. 46B, 47B), and bottom
(FIGS. 46C, 47C) views.
FIG. 48 illustrates a focal line extending through
three stacked, 150 micron Eagle XG® glass sheets.
FIG. 49 is a pre-acid etch photograph showing a side
view a stack of two sheets of 300 micron thick EXG
glass that have been drilled with damage tracks.
FIG. 50 is a post-acid etch photograph showing a
side view of the same stack from FIG. 49 after acid
etch.
FIG. 51 is a post-acid etch photograph showing a
top view of the same stack from FIG. 49 after acid
etch.
FIGs. 52A and 52B illustrate a substrate 1000 after
laser drilling and after acid etching, respectively.
FIG. 53 illustrates the relationship between the
Thiele modulus of the etching system and an expect-
ed percentage of the waist diameter with respect to
the diameter of the top and bottom openings.
FIG. 54 plots the Thiele modulus of the etching sys-
tem as a function of the radius of the damage track.
FIG. 55 plots the Thiele modulus of the etching sys-
tem as a function of the half-thickness of a glass
substrate.
FIG. 56 plots the Thiele modulus of the etching sys-
tem as a function of the effective diffusivity (Deff).
FIG. 57 plots the Thiele modulus of the etching sys-
tem as a function of the acid concentration in volume
% as well as the combined effect of modifying the
effective diffusivity and acid concentration on the
Thiele modulus.
FIG. 58 is a post-acid etch photograph of a side view
of the glass part.

DETAILED DESCRIPTION

[0021] A description of example embodiments follows.
[0022] The following embodiments utilize a short (e.g.,
from 10-10 to 10-15 second) pulsed laser with an optical
system that creates a line focus system to form defect
lines, damage tracks, or holes in a piece of material that
is substantially transparent to the wavelength of the laser,
such as a glass, fused silica, synthetic quartz, a glass
ceramic, ceramic, a crystalline material such as sapphire,
or laminated layers of such materials (for example, coat-
ed glass). The generation of a line focus may be per-
formed by sending a Gaussian laser beam into an axicon
lens, in which case a beam profile known as a Gauss-
Bessel beam is created. Such a beam diffracts much
more slowly (e.g. may maintain single micron spot sizes

for ranges of hundreds of microns or millimeters as op-
posed to few tens of microns or less) than a Gaussian
beam. Hence the depth of focus or length of intense in-
teraction with the material may be much larger than when
using a Gaussian beam only. Other forms or slowly dif-
fracting or non-diffracting beams may also be used, such
as Airy beams. The material or article is substantially
transparent to the laser wavelength when the absorption
is less than about 10%, preferably less than about 1%
per mm of material depth at this wavelength. In some
embodiments, the material can also be transparent to at
least one wavelength in a range from about 390 nm to
about 700 nm. Use of the intense laser and line focus
allows each laser pulse to simultaneously damage, ab-
late, or otherwise modify a long (e.g. 100-1000 microns)
track in the glass. This track can easily extend through
the entire thickness of the glass part. Even a single pulse
or burst of pulses thus creates the full "pilot hole" or in-
tense damage track, and no percussion drilling is need-
ed.
[0023] The pilot holes/damage tracks are very small
(single microns or less) in cross-sectional dimension, but
are relatively long- i.e., they have a high aspect ratio. The
parts are subsequently acid etched to reach final hole
dimensions-for example diameter of about 30 microns or
less, about 25 microns or less, about 20 microns or less,
about 15 microns or less, about 10 microns or less, in a
range from about 5 to about 10 microns, about 5 to about
15 microns, about 5 to about 20 microns, about 5 to about
25 microns, about 5 to about 30 microns, or up to many
tens of microns depending upon requirements for the in-
tended use. In some embodiments, the etching can be
carried out so that the Thiele modulus of the etching proc-
ess is about 3 or less, about 2.5 or less, about 2 or less,
about 1.5 or less, about 1 or less, or about 0.5 or less.
After etching, the surface of the glass may be slightly
textured from imperfect uniformity in the etching process
- the interior of the etched holes, while somewhat smooth,
may also have some fine grain texture that is visible under
a microscope or scanning electron microscope. In some
embodiments, the substrate can have a plurality of
through-holes continuously extending from a first surface
of the substrate to a second surface of the substrate,
wherein the substrate is transparent to at least one wave-
length in a range from 390 nm to 700 nm, the plurality of
through-holes have a diameter of 20 mm or less, the plu-
rality of through-holes comprise an opening in the first
surface, an opening in the second surface, and a waist
located between the opening in the first surface and the
opening in the second surface, a diameter of the waist
is at least 50% of the diameter of the opening in the first
surface or the opening in the second surface, and a dif-
ference between a diameter of the opening in the first
surface and a diameter of the opening in the second sur-
face is 3 mm or less
[0024] The holes may then be coated and/or filled with
a conductive material, for example through metallization,
in order to create an interposer part made of the trans-
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parent material. The metal or conductive material can
be, for example copper, aluminum, gold, silver, lead, tin,
indium tin oxide, or a combination or alloy thereof. The
process used to metalize the interior of the holes can be,
for example, electroplating, electroless plating, physical
vapor deposition, or other evaporative coating methods.
The holes may also be coated with catalytic materials,
such as platinum, palladium, titanium dioxide, or other
materials that facilitate chemical reactions within the
holes. Alternatively, the holes may be coated with other
chemical functionalization, so as to change surface wet-
ting properties or allow attachment of biomolecules, and
used for biochemical analysis. Such chemical function-
alization could be silanization of the glass surface of the
holes, and/or additional attachment of specific proteins,
antibodies, or other biologically specific molecules, de-
signed to promote attachment of biomolecules for de-
sired applications.
[0025] In one embodiment, a method of laser drilling a
material includes focusing a pulsed laser beam into a
laser beam focal line oriented along the beam propaga-
tion direction and directed into the material, the laser
beam having an average laser burst energy measured
at the material greater than about 50 microJoules per
mm thickness of material being processed, having burst
energy density in a range from about 25 mJ/mm of line
focus to about 125 mJ/mm of line focus, having pulses
having a duration less than about 100 picoseconds, and
a repetition rate in a range of between about 1 kHz and
about 4 MHz. The length of the line focus can be deter-
mined by the distance between the two points on the
optical axis where the intensity is one half the maximum
intensity. The laser beam focal line generates an induced
absorption within the material, the induced absorption
producing a hole along the laser beam focal line within
the material. The method also includes translating the
material and the laser beam relative to each other, there-
by laser drilling a plurality of holes (or damage tracks)
within the material at a rate greater than about 50
holes/second, greater than about 100 holes/second,
greater than about 500 holes/second, greater than about
1,000 holes/second, greater than about 2,000 holes/sec-
ond, greater than about 3,000 holes/second, greater than
about 4,000 holes/second, greater than about 5,000
holes/second, greater than about 6,000 holes/second,
greater than about 7,000 holes/second, greater than
about 8,000 holes/second, greater than about 9,000
holes/second, greater than about 10,000 holes/second,
greater than about 25,000 holes/second, greater than
about 50,000 holes/second, greater than about 75,000
holes/second, or greater than about 100,000 holes/sec-
ond, depending upon the desired pattern of holes/dam-
age tracks. The method further includes etching the ma-
terial in an acid solution at a rate of less than about 5
microns/min, such as at a rate of about 2 microns/min,
thereby enlarging the holes in the material.
[0026] In some embodiments, the pulse duration can
be in a range of between greater than about 5 picosec-

onds and less than about 100 picoseconds, and the rep-
etition rate can be in a range of between about 1 kHz and
4 MHz. The pulses can be produced in bursts of at least
two pulses separated by a duration in a range of between
about 1 nsec and about 50 nsec, for example 10 to 30
nsec, such as about 20 nsec plus or minus 2 nsec, and
the burst repetition frequency can be in a range of be-
tween about 1 kHz and about 4 MHz. The pulsed laser
beam can have a wavelength selected such that the ma-
terial is substantially transparent at this wavelength. This
wavelength may be, for example, 1064, 532, 355 or 266
nanometers. In some embodiments, the burst repetition
frequency can be in a range between about 1 kHz and
about 4MHz, in a range between about 10 kHz and about
650 kHz, about 10 kHz or greater, or about 100 kHz or
greater.
[0027] The laser beam focal line can have a length in
a range of between about 0.1 mm and about 10 mm, or
a length in a range of between about 0.1 mm and about
1 mm, and an average spot diameter in a range of be-
tween about 0.1 micron and about 5 microns. The spot
diameter D of a Bessel beam can be written as D =
(2.4048 λ)/(2πB), where λ is the laser beam wavelength
and B is a function the cone angle of the beam.

Laser and Optical System:

[0028] For the purpose of cutting transparent sub-
strates, especially glass, a method was developed that
uses a 1064 nm picosecond laser in combination with
line-focus beam forming optics to create lines of damage
or damage tracks in the substrates. This is detailed below
and in U.S. Application No. 61/752,489 filed on January
15, 2013, to which U.S. Application No. 14/154,525 filed
January 14, 2014 (published as US Publication No.
2014/0199519) claims benefit, the entire contents of
each are incorporated by reference as if fully set forth
herein. The damage tracks created by the laser are in-
terchangeably referred to herein as holes, pilot holes,
defect lines, or perforations. The method of cutting trans-
parent substrates can also be applied to creating damage
tracks, which are subsequently enlarged by an etching
process, as described below.
[0029] FIG. 1 gives a schematic of one version of the
concept, where an axicon optical element 10 and other
lenses 11 and 12 are used to focus light rays from a laser
3 (not shown) into a pattern 2b that will have a linear
shape, parallel to the optical axis of the system. The sub-
strate 1 is positioned so that it is within the line-focus.
With a line-focus of about 1 mm extent, and a picosecond
laser that produces output power greater than or equal
to about 20 W at a repetition rate of 100 kHz (about 200
microJoules/burst measured at the material), then the
optical intensities in the line region 2b can easily be high
enough to create non-linear absorption in the material.
The pulsed laser beam can have an average laser burst
energy measured, at the material, greater than 40 micro-
Joules per mm thickness of material. The average laser
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burst energy used can be as high as 2500 mJ per mm of
thickness of material, for example 100-2000 mJ/mm, with
200-1750 mJ/mm being preferable, and 500-1500 mJ/mm
being more preferable. This "average laser energy" can
also be referred to as an average, per-burst, linear energy
density, or an average energy per laser burst per mm
thickness of material. In some embodiments, the burst
energy density can be in a range from about 25 mJ/mm
of line focus to about 125 mJ/mm of line focus, or in a
range from about 75 mJ/mm of line focus to about 125
mJ/mm of line focus. A region of damaged, ablated, va-
porized, or otherwise modified material is created that
approximately follows the linear region of high intensity.
[0030] Turning to FIGS. 2A and 2B, a method of laser
processing a material includes focusing a pulsed laser
beam 2 into a laser beam focal line 2b oriented along the
beam propagation direction. As shown in FIG. 3A, laser
3 (not shown) emits laser beam 2, which has a portion
2a incident to the optical assembly 6. The optical assem-
bly 6 turns the incident laser beam into an extensive laser
beam focal line 2b on the output side over a defined ex-
pansion range along the beam direction (length 1 of the
focal line). The planar substrate 1 is positioned in the
beam path to at least partially overlap the laser beam
focal line 2b of laser beam 2. The laser beam focal line
is thus directed into the substrate. Reference 1a desig-
nates the surface of the planar substrate facing the optical
assembly 6 or the laser, respectively, and reference 1b
designates the reverse surface of substrate 1. The sub-
strate or material thickness (in this embodiment meas-
ured perpendicularly to the planes 1a and 1b, i.e., to the
substrate plane) is labeled with d. The substrate or ma-
terial can be a glass article that is substantially transpar-
ent to the wavelength of the laser beam 2, for example.
[0031] As FIG. 2A depicts, substrate 1 (or material or
glass article) is aligned perpendicular to the longitudinal
beam axis and thus behind the same focal line 2b pro-
duced by the optical assembly 6 (the substrate is per-
pendicular to the plane of the drawing). The focal line
being oriented or aligned along the beam direction, the
substrate is positioned relative to the focal line 2b in such
a way that the focal line 2b starts before the surface 1a
of the substrate and stops before the surface 1b of the
substrate, i.e. still focal line 2b terminates within the sub-
strate and does not extend beyond surface 1b. In the
overlapping area of the laser beam focal line 2b with sub-
strate 1, i.e. in the substrate material covered by focal
line 2b, the extensive laser beam focal line 2b generates
(assuming suitable laser intensity along the laser beam
focal line 2b, which intensity is ensured by the focusing
of laser beam 2 on a section of length 1, i.e. a line focus
of length 1) an extensive section 2c (aligned along the
longitudinal beam direction) along which an induced ab-
sorption is generated in the substrate material. The in-
duced absorption produces defect line formation in the
substrate material along section 2c. The defect line is a
microscopic (e.g., >100 nm and <0.5 micron in diameter)
elongated "hole" (also called a perforation, a damage

track, or a defect line) in a substantially transparent ma-
terial, substrate, or workpiece generated by using a sin-
gle high energy burst pulse. Individual perforations can
be created at rates of several hundred kilohertz (several
hundred thousand perforations per second), for example.
With relative motion between the source and the material,
these perforations can be placed adjacent to one another
(spatial separation varying from sub-micron to many mi-
crons as desired). This spatial separation (pitch) can be
selected to facilitate separation of the material or work-
piece. In some embodiments, the defect line/damage
track is a "through hole", which is a hole or an open chan-
nel that extends from the top to the bottom of the sub-
stantially transparent material. In other embodiments, the
damage track is not a true "through hole" because there
are particles of the material block the path of the damage
track. Thus while the damage track can extend from the
top surface to the bottom surface of material, in some
embodiments it is not a continuous hole or channel be-
cause particles of the material are blocking the path. The
defect line/damage track formation is not only local, but
over the entire length of the extensive section 2c of the
induced absorption. The length of section 2c (which cor-
responds to the length of the overlapping of laser beam
focal line 2b with substrate 1) is labeled with reference
L. The average diameter or extent of the section of the
induced absorption 2c (or the sections in the material of
substrate 1 undergoing the defect line formation) is la-
beled with reference D. This average extent D basically
corresponds to the average diameter δ of the laser beam
focal line 2b, that is, an average spot diameter in a range
of between about 0.1 micron and about 5 microns.
[0032] Thus, it is possible to create a microscopic (i.e.,
<2 micron and >100 nm in diameter, and in some em-
bodiments <0.5 mm and >100 nm) elongated "hole" (also
called a perforation, a damage track, or a defect line, as
noted above) in transparent material using a single high
energy burst pulse. These individual perforations can be
created at rates of several hundred kilohertz (several
hundred thousand perforations per second, for example).
Thus, with relative motion between the source and the
material these perforations can be placed at any desired
location within the workpiece. In some embodiments the
defect line/damage track is a "through hole", which is a
hole or an open channel that extends from the top to the
bottom of the transparent material. In some embodiments
the defect line/damage track may not be a continuous
channel, and may be blocked or partially blocked by por-
tions or sections of solid material (e.g., glass). As defined
herein, the internal diameter of the defect line/damage
track is the internal diameter of the open channel or the
air hole. For example, in the embodiments described
herein the internal diameter of the defect line/damage
track is <500 nm, for example ≤400 nm, or ≤300 nm. The
disrupted or modified area (e.g, compacted, melted, or
otherwise changed) of the material surrounding the holes
in the embodiments disclosed herein, preferably has di-
ameter of <50 microns (e.g" <10 micron).
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[0033] As FIG. 2A shows, the substrate material (which
is transparent to the wavelength λ of laser beam 2) is
heated due to the induced absorption along the focal line
2b arising from the nonlinear effects associated with the
high intensity of the laser beam within focal line 2b. FIG.
2B illustrates that the heated substrate material will even-
tually expand so that a corresponding induced tension
leads to micro-crack formation, with the tension being
the highest at surface 1a.
[0034] The selection of a laser source is predicated on
the ability to create multi-photon absorption (MPA) in
transparent materials. MPA is the simultaneous absorp-
tion of two or more photons of identical or different fre-
quencies in order to excite a molecule from one state
(usually the ground state) to a higher energy electronic
state (possibly resulting in ionization). The energy differ-
ence between the involved lower and upper states of the
molecule can be equal to the sum of the energies of the
two or more photons. MPA, also called induced absorp-
tion, can be a second-order, third-order, or higher-order
process, for example, that is several orders of magnitude
weaker than linear absorption. MPA differs from linear
absorption in that the strength of induced absorption can
be proportional to the square, or the cube, or other higher
power, of the light intensity, for example, instead of being
proportional to the light intensity itself. Thus, MPA is a
nonlinear optical process.
[0035] Representative optical assemblies 6, which can
be applied to generate the focal line 2b, as well as a
representative optical setup, in which these optical as-
semblies can be applied, are described below. All as-
semblies or setups are based on the description above
so that identical references are used for identical com-
ponents or features or those which are equal in their func-
tion. Therefore only the differences are described below.
[0036] To ensure high quality drilled holes (regarding
achieving high breaking strength, geometric precision,
creation of a strong path for etchant, hole interior mor-
phology and avoidance of micro-cracking), the individual
focal lines positioned on the substrate surface should be
generated using the optical assembly described below
(hereinafter, the optical assembly is alternatively also re-
ferred to as laser optics). In order to achieve a small spot
size of, for example, 0.5 micron to 2 microns in case of
a given wavelength λ of laser 3 (interaction with the ma-
terial of substrate 1), certain requirements must usually
be imposed on the numerical aperture of laser optics 6.
[0037] In order to achieve the required numerical ap-
erture, the optics must, on the one hand, dispose of the
required opening for a given focal length, according to
the known Abbé formulae (N.A. = n sin (theta), n: refrac-
tive index of the glass or other material to be processed,
theta: half the aperture angle; and theta = arctan (D/2f);
D: aperture, f: focal length). On the other hand, the laser
beam must illuminate the optics up to the required aper-
ture, which is typically achieved by means of beam wid-
ening using widening telescopes between the laser and
focusing optics.

[0038] The spot size should not vary too strongly for
the purpose of a uniform interaction along the focal line.
This can, for example, be ensured (see the embodiment
below) by illuminating the focusing optics only in a small,
circular area so that the beam opening and thus the per-
centage of the numerical aperture only vary slightly.
[0039] According to FIG. 3A (section perpendicular to
the substrate plane at the level of the central beam in the
laser beam bundle of laser radiation 2; here, too, laser
beam 2 is perpendicularly incident to the substrate plane,
i.e. incidence angle is 0° so that the focal line 2b or the
extensive section of the induced absorption 2c is parallel
to the substrate normal), the laser radiation 2a emitted
by laser 3 is first directed onto a circular aperture 8 which
is completely opaque to the laser radiation used. Aper-
ture 8 is oriented perpendicular to the longitudinal beam
axis and is centered on the central beam of the depicted
beam bundle 2a. The diameter of aperture 8 is selected
in such a way that the beam bundles near the center of
beam bundle 2a or the central beam (here labeled with
2aZ) hit the aperture and are completely absorbed by it.
Only the beams in the outer perimeter range of beam
bundle 2a (marginal rays, here labeled with 2aR) are not
absorbed due to the reduced aperture size compared to
the beam diameter, but pass aperture 8 laterally and hit
the marginal areas of the focusing optic elements of the
optical assembly 6, which, in this embodiment, is de-
signed as a spherically cut, bi-convex lens 7.
[0040] As illustrated in FIG. 3A, the laser beam focal
line 2b is not only a single focal point for the laser beam,
but rather a series of focal points for different rays in the
laser beam. The series of focal points form an elongated
focal line of a defined length, shown in FIG. 3A as the
length 1 of the laser beam focal line 2b. Lens 7 is centered
on the central beam and is designed as a non-corrected,
bi-convex focusing lens in the form of a common, spher-
ically cut lens. The spherical aberration of such a lens
may be advantageous. As an alternative, aspheres or
multi-lens systems deviating from ideally corrected sys-
tems, which do not form an ideal focal point but a distinct,
elongated focal line of a defined length, can also be used
(i.e., lenses or systems which do not have a single focal
point). The zones of the lens thus focus along a focal line
2b, subject to the distance from the lens center. The di-
ameter of aperture 8 across the beam direction is ap-
proximately 90% of the diameter of the beam bundle (de-
fined by the distance required for the intensity of the beam
to decrease to 1/e2 of the peak intensity) and approxi-
mately 75% of the diameter of the lens of the optical as-
sembly 6. The focal line 2b of a non-aberration-corrected
spherical lens 7 generated by blocking out the beam bun-
dles in the center is thus used. FIG. 3A shows the section
in one plane through the central beam, and the complete
three-dimensional bundle can be seen when the depicted
beams are rotated around the focal line 2b.
[0041] One potential disadvantage of this type of focal
line is that the conditions (spot size, laser intensity) may
vary along the focal line (and thus along the desired depth
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in the material) and therefore the desired type of interac-
tion (no melting, induced absorption, thermal-plastic de-
formation up to crack formation) may possibly occur only
in selected portions of the focal line. This means in turn
that possibly only a part of the incident laser light is ab-
sorbed by the substrate material in the desired way. In
this way, the efficiency of the process (required average
laser power for the desired separation speed) may be
impaired, and the laser light may also be transmitted into
undesired regions (parts or layers adherent to the sub-
strate or the substrate holding fixture) and interact with
them in an undesirable way (e.g. heating, diffusion, ab-
sorption, unwanted modification).
[0042] FIGs. 3B-1-4 show (not only for the optical as-
sembly in FIG. 3A, but basically also for any other appli-
cable optical assembly 6) that the position of laser beam
focal line 2b can be controlled by suitably positioning
and/or aligning the optical assembly 6 relative to sub-
strate 1 as well as by suitably selecting the parameters
of the optical assembly 6. As FIG. 3B-1 illustrates, the
length 1 of the focal line 2b can be adjusted in such a
way that it exceeds the substrate thickness d (here by
factor 2). If substrate 1 is placed (viewed in longitudinal
beam direction) centrally to focal line 2b, an extensive
section of induced absorption 2c is generated over the
entire substrate thickness. The laser beam focal line 2b
can have a length 1 in a range of between about 0.01
mm and about 100 mm or in a range of between about
0.1 mm and about 10 mm, for example. Various embod-
iments can be configured to have length 1 of about 0.1
mm, 0.2 mm, 0.3 mm, 0.4 mm, 0.5 mm, 0.7 mm, 1 mm,
2 mm, 3 mm or 5 mm, for example.
[0043] In the case shown in FIG. 3B-2, a focal line 2b
of length 1 is generated which corresponds more or less
to the substrate thickness d. Since substrate 1 is posi-
tioned relative to line 2b in such a way that line 2b starts
at a point outside the substrate, the length L of the ex-
tensive section of induced absorption 2c (which extends
here from the substrate surface to a defined substrate
depth, but not to the reverse surface 1b) is smaller than
the length 1 of focal line 2b. FIG. 3B-3 shows the case
in which the substrate 1 (viewed along a direction per-
pendicular to the beam direction) is positioned above the
starting point of focal line 2b so that, as in FIG. 3B-2, the
length 1 of line 2b is greater than the length L of the
section of induced absorption 2c in substrate 1. The focal
line thus starts within the substrate and extends beyond
the reverse surface 1b. FIG. 3B-4 shows the case in
which the focal line length 1 is smaller than the substrate
thickness d so that - in the case of a central positioning
of the substrate relative to the focal line viewed in the
direction of incidence - the focal line starts near the sur-
face 1a within the substrate and ends near the surface
1b within the substrate (e.g. 1 = 0.75 · d).
[0044] It is particularly advantageous to position the
focal line 2b in such a way that at least one of surfaces
1a, 1b is covered by the focal line, so that the section of
induced absorption 2c starts at least on one surface of

the substrate. In this way it is possible to achieve virtually
ideal cuts or formation of damage tracks while avoiding
ablation, feathering and particulation at the surface.
[0045] FIG. 4 depicts another applicable optical as-
sembly 6. The basic construction follows the one de-
scribed in FIG. 3A so that only the differences are de-
scribed below. The depicted optical assembly is based
the use of optics with a non-spherical free surface in order
to generate the focal line 2b, which is shaped in such a
way that a focal line of defined length 1 is formed. For
this purpose, aspheres can be used as optic elements
of the optical assembly 6. In FIG. 4, for example, a so-
called conical prism, also often referred to as axicon, is
used. An axicon is a special, conically cut lens which
forms a spot source on a line along the optical axis (or
transforms a laser beam into a ring). The layout of such
an axicon is generally known to one skilled in the art; the
cone angle in the example is 10°. The apex of the axicon
labeled here with reference 9 is directed towards the in-
cidence direction and centered on the beam center.
Since the focal line 2b produced by the axicon 9 starts
within its interior, substrate 1 (here aligned perpendicu-
larly to the main beam axis) can be positioned in the
beam path directly behind axicon 9. As FIG. 4 shows, it
is also possible to shift substrate 1 along the beam di-
rection due to the optical characteristics of the axicon
while remaining within the range of focal line 2b. The
section of the induced absorption 2c in the material of
substrate 1 therefore extends over the entire substrate
depth d.
[0046] However, the depicted layout is subject to the
following restrictions: Since the region of focal line 2b
formed by axicon 9 begins within axicon 9, a significant
part of the laser energy is not focused into the section of
induced absorption 2c of focal line 2b, which is located
within the material, in the situation where there is a sep-
aration a between axicon 9 and the substrate or glass
composite workpiece material. Furthermore, length 1 of
focal line 2b is related to the beam diameter through the
refractive indices and cone angles of axicon 9. This is
why, in the case of relatively thin materials (several mil-
limeters), the total focal line is much longer than the sub-
strate or glass composite workpiece thickness, having
the effect that much of the laser energy is not focused
into the material.
[0047] For this reason, it may be desirable to use an
optical assembly 6 that includes both an axicon and a
focusing lens. FIG. 5A depicts such an optical assembly
6 in which a first optical element with a non-spherical free
surface designed to form an extensive laser beam focal
line 2b is positioned in the beam path of laser 3. In the
case shown in FIG. 5A, this first optical element is an
axicon 10 with a cone angle of 5°, which is positioned
perpendicularly to the beam direction and centered on
laser beam 3. The apex of the axicon is oriented towards
the beam direction. A second, focusing optical element,
here the plano-convex lens 11 (the curvature of which is
oriented towards the axicon), is positioned in the beam
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direction at a distance z1 from the axicon 10. The dis-
tance z1, in this case approximately 300 mm, is selected
in such a way that the laser radiation formed by axicon
10 is circularly incident on the outer radial portion of lens
11. Lens 11 focuses the circular radiation on the output
side at a distance z2, in this case approximately 20 mm
from lens 11, on a focal line 2b of a defined length, in this
case 1.5 mm. The effective focal length of lens 11 is 25
mm in this embodiment. The circular transformation of
the laser beam by axicon 10 is labeled with the reference
SR.
[0048] FIG. 5B depicts the formation of the focal line
2b or the induced absorption 2c in the material of sub-
strate 1 according to FIG. 5A in detail. The optical char-
acteristics of both elements 10, 11 as well as the posi-
tioning of them is selected in such a way that the length
1 of the focal line 2b in beam direction is exactly identical
with the thickness d of substrate 1. Consequently, an
exact positioning of substrate 1 along the beam direction
is required in order to position the focal line 2b exactly
between the two surfaces 1a and 1b of substrate 1, as
shown in FIG. 5B.
[0049] It is therefore advantageous if the focal line is
formed at a certain distance from the laser optics, and if
the greater part of the laser radiation is focused up to a
desired end of the focal line. As described, this can be
achieved by illuminating a primarily focusing element 11
(lens) only circularly (annularly) over a particular outer
radial region, which, on the one hand, serves to realize
the required numerical aperture and thus the required
spot size, and, on the other hand, however, the circle of
diffusion diminishes in intensity after the required focal
line 2b over a very short distance in the center of the
spot, as a basically circular spot is formed. In this way,
the defect line/damage track formation is stopped within
a short distance in the required substrate depth. A com-
bination of axicon 10 and focusing lens 11 meets this
requirement. The axicon acts in two different ways: due
to the axicon 10, a usually round laser spot is sent to the
focusing lens 11 in the form of a ring, and the asphericity
of axicon 10 has the effect that a focal line is formed
beyond the focal plane of the lens instead of a focal point
in the focal plane. The length 1 of focal line 2b can be
adjusted via the beam diameter on the axicon. The nu-
merical aperture along the focal line, on the other hand,
can be adjusted via the distance z1 axicon-lens and via
the cone angle of the axicon. In this way, the entire laser
energy can be concentrated in the focal line.
[0050] If the defect line/damage track formation is in-
tended to continue to the back side of the substrate, the
circular (annular) illumination still has the advantage that
(1) the laser power is used optimally in the sense that
most of the laser light remains concentrated in the re-
quired length of the focal line and (2) it is possible to
achieve a uniform spot size along the focal line - and thus
a uniform separation of part from substrate along the focal
line - due to the circularly illuminated zone in conjunction
with the desired aberration set by means of the other

optical functions.
[0051] Instead of the plano-convex lens depicted in
FIG. 5A, it is also possible to use a focusing meniscus
lens or another higher corrected focusing lens (asphere,
multi-lens system).
[0052] In order to generate very short focal lines 2b
using only the combination of an axicon and a lens 11
depicted in FIG. 5A, it would be necessary to select a
very small beam diameter of the laser beam incident on
the axicon. This has the practical disadvantage that the
centering of the beam onto the apex of the axicon must
be very precise and that the result is very sensitive to
directional variations of the laser (beam drift stability).
Furthermore, a tightly collimated laser beam is very di-
vergent, i.e. due to the light deflection the beam bundle
becomes blurred over short distances. Both effects can
be avoided by including another lens, a collimating lens
12, in the optical assembly 6. The additional positive col-
limating lens 12 serves to adjust the circular illumination
of focusing lens 11 very tightly. The focal length f of the
collimating lens 12 is selected in such a way that the
desired circle diameter dr results from distance zla from
the axicon to the collimating lens 12, which is equal to f.
The desired width br of the ring can be adjusted via the
distance zlb (collimating lens 12 to focusing lens 11). As
a matter of pure geometry, the small width of the circular
illumination leads to a short focal line. A minimum can
be achieved at distance f.
[0053] The optical assembly 6 depicted in FIG. 5A is
thus based on the one depicted in FIG. 1 so that only the
differences are described below. The collimating lens 12,
here also designed as a plano-convex lens (with its cur-
vature towards the beam direction) is additionally placed
centrally in the beam path between axicon 10 (with its
apex towards the beam direction), on the one side, and
the plano-convex lens 11, on the other side. The distance
of collimating lens 12 from axicon 10 is referred to as zla,
the distance of focusing lens 11 from collimating lens 12
as zlb, and the distance of the focal line 2b from the fo-
cusing lens 11 as z2 (always viewed in beam direction).
[0054] As also shown in FIG. 5A, the circular radiation
SR formed by axicon 10, which is incident divergently
and under the circle diameter dr on the collimating lens
12, is adjusted to the required circle width br along the
distance zlb for an at least approximately constant circle
diameter dr at the focusing lens 11. In the case shown,
a very short focal line 2b is intended to be generated so
that the circle width br of approximately 4 mm at lens 12
is reduced to approximately 0.5 mm at lens 11 due to the
focusing properties of lens 12 (circle diameter dr is 22
mm in the example).
[0055] In the depicted example it is possible to achieve
a length of the focal line 1 of less than 0.5 mm using a
typical laser beam diameter of 2 mm, a focusing lens 11
with a focal length f = 25 mm, a collimating lens with a
focal length f’ = 150 mm, and choosing distances Z1a =
Z1b = 140 mm and Z2 = 15 mm.
[0056] Note that the typical operation of such a pico-
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second laser creates a "burst" of pulses, sometimes also
called a "burst pulse". Bursting is a type of laser operation
where the emission of pulses is not in a uniform and
steady stream but rather in tight clusters of pulses.. This
is depicted in FIG. 6. Each "burst" 610 may contain mul-
tiple pulses 620 (such as at least 2 pulses, at least 3
pulses, at least 4 pulses, at least 5 pulses, at least 10
pulses, at least 15 pulses, at least 20 pulses, or more)
of very short duration . That is, a pulse burst is a "pocket"
of pulses, and the bursts are separated from one another
by a longer duration than the separation of individual ad-
jacent pulses within each burst. Pulses 610 can have a
pulse duration Td in a range from about 0.1 psec to about
100 psec (for example, 0.1 psec, 5 psec, 10 psec, 15
psec, 18ps, 20 ps, 22 ps, 25 ps, 30 ps, 50 ps, 75 ps, or
therebetween). In some embodiments, the pulse dura-
tion can be in a range from greater than about 1 picosec-
ond and less than about 100 picoseconds or greater than
about 5 picoseconds and less than about 20 picosec-
onds. These individual pulses 620 within a single burst
610 can also be termed "sub-pulses," which simply de-
notes the fact that they occur within a single burst of puls-
es. The energy or intensity of each laser pulse 620 within
the burst 610 may not be equal to that of other pulses
within the bust, and the intensity distribution of the mul-
tiple pulses within a burst 610 often follows an exponen-
tial decay in time governed by the laser design. In some
embodiments, each pulse 620 within the burst 610 is sep-
arated in time by a duration Tp in a range of between
about 1 nsec and about 50 nsec, (e.g. 10-50 ns, or
10-50ns, or 10-30 nsec), with the time often governed by
the laser cavity design. For a given laser, the time sep-
aration Tp between each pulses (pulse -to- pulse sepa-
ration) within a burst 610 is relatively uniform (610% ).
For example, in some of the embodiments, Tp is approx-
imately 20 nsec (50 MHz). Also for example, for a laser
that produces pulse-to pulse separation Tp of about 20
nsec, the pulse to pulse separation Tp within a burst is
maintained within about 610%, or is about 62 nsec. The
time between each "burst" 610 of pulses 620 (i.e., time
separation Tb between bursts) will be much longer, (e.g.,
0.25 ≤ Tb ≤ 1000 microseconds, for example 1-10 micro-
seconds, or 3-8 microseconds). In some of the exemplary
embodiments Tb is about 10 microseconds, for a laser
repetition rate of about 100 kHz. In some of the exemplary
embodiments of the laser described herein, Tb can be
around 5 microseconds for a laser repetition rate or fre-
quency of about 200 kHz. The time between each "burst"
can also be around 5 microseconds, for a laser repetition
rate of ∼200 kHz, for example. The laser repetition rate
is also referred to as burst repetition frequency herein,
and is defined as the time between the first pulse in a
burst to the first pulse in the subsequent burst. In other
embodiments, the burst repetition frequency is in a range
of between about 1 kHz and about 4 MHz. More prefer-
ably, the laser repetition rates can be in a range of be-
tween about 10 kHz and 650 kHz. In some embodiments,
the laser repetition rate can be about 10 kHz or greater

or about 100 kHz or greater. The time Tb between the
first pulse in each burst to the first pulse in the subsequent
burst may be 0.25 microsecond (4MHz repetition rate)
to 1000 microseconds (1kHz repetition rate), for example
0.5 microseconds (2MHz repetition rate) to 40 microsec-
onds (25kHz repetition rate), or 2 microseconds (500kHz
repetition rate) to 20 microseconds (50kHz repetition
rate). The exact timings, pulse durations, and repetition
rates can vary depending on the laser design, but short
pulses (Td <20 psec and preferably Td≤15 psec) of high
intensity have been shown to work particularly well. In
some of the embodiments 5 psec ≤ Td ≤15 psec.
[0057] The required energy to modify the material can
be described in terms of the burst energy - the energy
contained within a burst (each burst 610 contains a series
of pulses 620), or in terms of the energy contained within
a single laser pulse (many of which may comprise a
burst). For these applications, the energy per burst can
be from 25mJ-750 mJ, more preferably 40 mJ-750 mJ, 50
mJ -500 mJ, 50-250 mJ, or 100-250 mJ. The energy of an
individual pulse within the burst can be less, and the exact
individual laser pulse energy will depend on the number
of pulses within the burst and the rate of decay (e.g. ex-
ponential decay rate) of the laser pulses with time as
shown in FIG. 6. For example, for a constant ener-
gy/burst, if a burst contains 10 individual laser pulses,
then each individual laser pulse will contain less energy
than if the same burst had only 2 individual laser pulses.
[0058] The use of a laser capable of generating such
bursts of pulses is advantageous for such processing. In
contrast with the use of single pulses spaced apart in
time by the repetition rate of the laser, the use of a burst
sequence that spreads the laser energy over a rapid se-
quence of sub-pulses (that comprise a burst) allows ac-
cess to larger timescales of high intensity interaction with
the material than is possible with single-pulse lasers.
While a single-pulse can be expanded in time, as this is
done the intensity within the pulse must drop as roughly
one over the pulse width. Hence if a 10 psec pulse is
expanded to a 10 nsec pulse, the intensity drop by rough-
ly three orders of magnitude. Such a reduction can re-
duce the optical intensity to the point where non-linear
absorption is no longer significant, and light material in-
teraction is no longer strong enough to allow for material
modification. In contrast, with a burst pulse laser, the in-
tensity during each sub-pulse can remain very high - for
example three 10 psec pulses spaced apart in time by
approximately 10 nsec still allows the intensity within
each pulse to be approximately within a factor of three
of a single 10 psec pulse, while the laser is allowed to
interact with the material over a timescale that is now
three orders of magnitude larger. This adjustment of mul-
tiple pulses within a burst thus allows manipulation of
time-scale of the laser-material interaction in ways that
can facilitate greater or lesser light interaction with a pre-
existing plasma plume, greater or lesser light-material
interaction with atoms and molecules that have been pre-
excited by an initial or previous laser pulse.
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[0059] The damage track or hole is formed in the ma-
terial when a single burst of pulses strikes substantially
the same location on the material. That is, multiple laser
pulses within a single burst correspond to a single defect
line or a hole location in the material. Of course, since
the material is translated (for example by a constantly
moving stage) or the beam is moved relative to the ma-
terial, the individual pulses within the burst cannot be at
exactly the same spatial location on the material. How-
ever, the pulses are well within 1 micron of one another
so that they strike the material at essentially the same
location. For example, the pulses may strike the material
at a spacing sp where 0<sp≤500 nm from one another.
For example, when a location on the material is hit with
a burst of 20 pulses the individual pulses within the burst
strike the glass within 250 nm of each other. Thus, in
some embodiments, the spacing sp is in a range from
about 1 nm to about 250 nm or from about 1 nm to about
100 nm.
[0060] The optical method of forming the line focus can
take multiple forms, using donut shaped laser beams and
spherical lenses, axicon lenses, diffractive elements, or
other methods to form the linear region of high intensity
as described above. The type of laser (picosecond, fem-
tosecond, etc.) and wavelength (IR, green, UV, etc.) can
also be varied, as long as sufficient optical intensities are
reached to create breakdown of the substrate material.

Hole or Damage Track Formation:

[0061] The damage tracks created by the aforemen-
tioned laser process generally take the form of holes with
interior dimensions in the range of about 0.1 microns to
2 microns, for example 0.1-1.5 microns. Preferably the
holes formed by the laser are very small (single microns
or less) in dimension-i.e., they are narrow. In some em-
bodiments, these holes are 0.2 to 0.7 microns in diame-
ter. As described above, in some embodiments, the dam-
age tracks are not continuous holes or channels. The
diameter of the damage tracks can be 5 microns or less,
4 microns or less, 3 microns or less, 2 microns or less,
or 1 micron or less. In some embodiments, the diameter
of the damage tracks can be in a range from greater than
100 nm to less than 2 microns, or from greater than 100
nm to less than 0.5 microns. Scanning electron micro-
graph images of such features are shown in FIGS. 7A
and 7B. These holes are un-etched holes (i.e., they have
not been widened by the etching steps)
[0062] The holes or defect lines/damage tracks can
perforate the entire thickness of the material, and may
or may not be a continuous opening throughout the depth
of the material. FIG. 8 shows an example of such tracks
or defect lines perforating the entire thickness of a work-
piece of 150 micron thick Eagle XG® glass substrate.
The perforations or damage tracks are observed through
the side of a cleaved edge. The tracks through the ma-
terial are not necessarily through holes. There are often
regions of glass that plug the holes, but they are generally

small in size, on the order of microns, for example.
[0063] FIG. 9 shows a greater magnification image of
similar holes or damage tracks, where the diameter of
the holes can be more clearly seen, and also the pres-
ence of regions where the hole is plugged by remaining
glass. The tracks made through the glass are about 1
micron in diameter. They are not completely open - i.e.,
regions of material are removed, but complete through-
holes are not necessarily formed.
[0064] It is also possible to perforate or create
holes/damage tracks in stacked sheets of glass or stacks
of other substantially transparent materials. In this case
the focal line length needs to be longer than the stack
height. For example, the tests were performed with three
stacked 150 micron sheets of Eagle XG® glass, and full
perforations were made through all three pieces with the
perforations or defect lines/damage tracks (of approxi-
mately 1 micron internal diameter) extended from the top
surface of the upper sheet all the way through the bottom
surface of the bottom sheet. An example of a focal line
configured for full perforation through a single substrate
is shown in FIG. 3B-1, while a full perforation through
three stacked sheets is described hereinafter in conjunc-
tion with FIG. 48. As defined herein, the internal diameter
of a defect line or perforation is the internal diameter of
the open channel or the air hole. The disrupted or mod-
ified area (e.g, compacted, melted, or otherwise
changed) of the material surrounding the holes in the can
have a diameter larger than the internal diameter of the
open channel or air hole. The perforations in the stack
can be acid etched to create a plurality of through holes
that extend through all of the glass sheets comprising
the stack, or alternatively the glass sheets can be sepa-
rated and then the holes can be acid etched in each of
the sheets separately. For example, this process may
result in glass with etched hole diameters of 1-100 mi-
crons, for example, 10-75 microns, 10-50 microns, 2-25
microns, 2-20 microns, 2-15 microns, 2-10 microns, and
the holes may have, for example, spacing of 25-1000
microns.
[0065] This process may also be utilized to create
holes in sheets of transparent materials other than glass.
Since the optical system uses a line focus, it is possible
to drill through transparent materials that have large (>1
micron, up to 4mm, for example 10-500 microns) air gaps
or other filler materials (e.g. water, transparent polymers,
transparent electrodes like indium tin oxide) between the
substrate sheets. The ability to continue to drill through
multiple glass sheets even when they are separated by
a macroscopic (many microns, many tens of microns, or
even many hundreds of microns) is to be noted as a par-
ticular advantage of this line focus method of drilling. In
contrast, when other laser methods are used, such as
those that rely upon Kerr-effect based self-focusing to
form a high aspect ratio channel, or those that use the
formation of a glass hole itself to create a light guide, the
presence of a gap such as an air gap between two glass
pieces can completely disrupt the process making quality
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drilling of the bottom sheet difficult or completely ineffec-
tive. This is because when such a non-line focus (e.g.
not a Gauss-Bessel) beam enters air, it will diffract and
spread out quickly. If there is no pre-existing channel to
re-confine it, or no substantial Kerr-effect to re-focus it,
then the beam will spread to too large a diameter to mod-
ify the material below. In the case of Kerr-effect based
self-focusing, the critical power to self-focus in air is ∼20X
as much as the critical power required in glass, making
such an air gap very problematic. However, for a line
focus system, the beam will continue to form a high in-
tensity core whether or not the glass material is there, or
polymer, or an air gap, or even in the presence of a vac-
uum. Hence the line focus beam will have no trouble con-
tinuing to drill the glass layer underneath regardless of
the gap in material between it and the glass sheet above.
[0066] Similarly, the stack of substrate sheets may
contain substrates of different glass compositions
throughout the stack. For example, one stack may con-
tain both substrate sheets of Eagle XG glass and of Corn-
ing glass code 2320. Or the stack of transparent substrate
sheets may contain non-glass transparent inorganic ma-
terial such as sapphire. The substrates must be substan-
tially transparent to the wavelength of the laser that is
used to create the line focus, for example the laser wave-
length being situated from 200nm to 2000nm, for exam-
ple, 1064 nm, 532 nm, 355 nm, or 266 nm. In some em-
bodiments, the substrate can also be transparent to at
least one wavelength in a range from about 390 nm to
about 700 nm. In some embodiments, the substrate can
transmit at least 70%, at least 75%, at least 80%, at least
85%, or at least 90% of at least one wavelength in a range
from about 390 nm to about 700 nm. Drilling holes/dam-
age tracks in glass or other transparent materials can be
used to create an article comprising a stack of substrates
(spaced or in direct contact with one another) with a plu-
rality of holes formed through said stack, where the holes
extend through each of the substrates, the holes being,
for example, between 1-100 microns in diameter, and,
for example, having a spacing of 25-1000 microns. Ac-
cordingly, this process can be utilized to create a sub-
stantially transparent article comprising a multilayer
stack, where the multilayer stack comprises multiple
glass layers and at least one layer of polymer situated
between the glass layers, or at least two glass layers of
different compositions, or at least one glass layer and at
least on non-glass inorganic layer.
[0067] The lateral spacing (pitch) between the holes
or defect lines/damage tracks is determined by the pulse
or burst rate of the laser as the substrate is translated
underneath the focused laser beam. Only a single pico-
second laser pulse burst is usually necessary to form an
entire hole, but multiple bursts may be used if desired.
To form holes at different pitches, the laser can be trig-
gered to fire at longer or shorter intervals. In some em-
bodiments, the laser triggering generally can be synchro-
nized with the stage driven motion of the workpiece be-
neath the beam, so laser bursts are triggered at a fixed

interval, such as every 1 micron, every 5 microns, every
10 microns, or every 20 microns or greater. When forming
the damage tracks in substrate intended to be used as
an interposer, the distance, or periodicity, between ad-
jacent damage tracks can depend upon the desired pat-
tern of through-holes (i.e., the holes formed after the etch-
ing process). For example, in some embodiments, the
desired pattern of damage tracks (and the resultant
through-holes that are formed therefrom after etching) is
an aperiodic pattern of irregular spacing. They need to
be at locations where traces will be laid on the interposer
or where specific electrical connections on the interposer
to the chips are going to be placed. Therefore, a distinc-
tion between cutting and damage track drilling for inter-
posers is that the through-holes for interposers is laid out
in aperiodic patterns. Whereas for cutting patterns the
damage tracks are made at a specific periodic pitch
where the pitch depends on the composition of the ma-
terial being cut. In the methods described herein, the
holes or defect lines (or damage tracks, or perforations)
can have a spacing between adjacent holes/defect
lines/damage tracks of about 10 mm or greater, about 20
mm or greater, about 30 mm or greater, about 40 mm or
greater, about 50 mm or greater. In some embodiments,
the spacing can be up to about 20 mm. In some embod-
iments, the spacing can be from 50 microns to 500 mi-
crons or from 10 microns and 50 microns.
[0068] FIG. 10 shows a similar sample, in this case
300 micron thick Corning Eagle XG® glass, from a top
view, with a periodic array of holes. The entrance points
of the laser beam are clearly seen. The pitch or spacing
between adjacent holes is 300 microns, and the approx-
imate diameter of the holes is 2 microns, with a rim or
modified or raised material around each hole of about 4
microns diameter. A variety of laser process parameters
were explored to find conditions that produced holes that
fully penetrated the material and had minimal micro-
cracking of the glass.
[0069] The laser power and lens focal length (which
determines the focal line length and hence power densi-
ty) are particularly important parameters to ensure full
penetration of the glass and low micro-cracking. For ex-
ample, FIG. 11 shows a result where significant micro-
cracking of the glass occurred.
[0070] It is also possible to intentionally create perfo-
rations or damage tracks which only partially extend
through the material. In this case, such tracks are useful
for making blind holes or vias. An example of laser formed
blind holes is shown in FIG. 12. Here the damage tracks
extend about 75% of the way through the glass. To ac-
complish this, the focus of the optics is raised up until the
line focus only causes damage in the top section of the
glass. Other blind hole depths may be realized, such as
extending only 10% of the way through the glass, only
25%, only 50%, or any fractional value of the glass thick-
ness.
[0071] For following conditions were found to be suit-
able for creating damage tracks that are continuous or
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non-continuous through holes or channels extending
from a first surface to a second surface in 300 micron
thick Corning Eagle XG® glass:

Input beam diameter to axicon lens about 3 mm 1/e2

Axicon angle = 10 degrees
Initial collimating lens focal length = 125 mm
Final objective lens focal length = 50 mm
Incident beam convergence angle (Beta) = 12.75 de-
grees
Focus set to be at z=0.25 mm (approximately 50 mi-
crons below the top surface of the part)
Laser pulse energy at about 180 microJoules)
Pulse repetition rate of the laser = 200 kHz.
3 pulses/burst

Results from these conditions are shown in FIG. 10.
[0072] For cutting operations, the laser triggering gen-
erally is synchronized with the stage driven motion of the
part beneath the beam, and laser pulses are most often
triggered at a fixed interval, such as every 1 micron, or
every 5 microns. The exact spacing is determined by the
material properties that facilitate crack propagation from
perforated hole to perforated hole, given the stress level
in the substrate. However, in contrast to cutting a sub-
strate, it is also possible to use the same method to only
perforate the material with larger distances between the
holes or damage tracks. In the case of interposers, the
holes are generally separated by much greater distance
than required for cutting - instead of a pitch of about 10
microns or less, the spacing between holes can be hun-
dreds of microns. As discussed above, the exact loca-
tions of the holes need not be at regular intervals (i.e.,
they are aperiodic) - the location simply is determined by
when the laser is triggered to fire, and may be at any
location within the part. The holes made in FIG. 9 are an
example of spacing and pattern that are somewhat rep-
resentative of interposer applications.
[0073] In general, the higher the available laser power,
the faster the material can be perforated and/or the fast
damage tracks can be formed in the material with the
above processes. In the case of drilling glass for inter-
posers or similar applications, process speed is generally
not limited directly by laser power, but more by the ability
to direct the already abundant laser pulses or bursts to
the specific locations at which holes are needed. As de-
scribed above, in some embodiments, the desired pat-
tern of damage tracks (and the resultant through-holes
that are formed therefrom after etching) is an aperiodic
pattern of irregular spacing. They need to be at locations
where traces will be laid on the interposer or where spe-
cific electrical connections on the interposer to the chips
are going to be placed. Therefore, a distinction between
cutting and damage track drilling for interposers is that
the through-holes for interposers is laid out in aperiodic
patterns. For example, commercially available burst
mode psec lasers can readily produce laser bursts
of∼200 microJoules/burst at repetition rates ∼

100-200kHz. This corresponds to a time average laser
power of about 20-40 Watts. However, to drill interposers,
most often the majority of these bursts will be unused,
as even with very fast beam deflection methods the beam
can only be placed at the desired hole locations at rates
of kHz or possibly tens of kHz. This means that a primary
challenge for efficient drilling with the above line focus
and psec pulsed laser process is how the beam is moved
and directed across the substrate surface. One method
that may be used to divide the hole pattern into a series
of 1-dimensional lines, where each line contains all of
the holes that, for example, share a common y-axis lo-
cation. The glass or beam can then be scanned in a
"raster scan" mode where the laser beam travels in the
x-direction, scanning across all of the desired hole loca-
tions that share common y-axis value. As the beam is
scanned, that laser is triggered to fire a burst only at the
desired hole locations. After a given y-line is scanned,
the substrate or laser beam are moved to a new y-loca-
tion, the process is repeated for the new set of desired
hole locations on this new y-line. This process is then
continued until all of the desired holes on the substrate
are made.
[0074] The above process is straightforward, but not
necessarily efficient as the speed at which the stage and
spacing of the desired holes will determine what fraction
of laser pulses/bursts can be used. For example, if the
laser can produce pulses or bursts at 200,000 bursts/sec,
but the stages move at average speed of 0.5m/sec and
the holes are on average 100 microns apart, then only
about 5,000 bursts/sec are used - about 2.5% of the avail-
able laser bursts. While this does drill 5,000 holes (or
damage tracks)/sec, this is only a small fraction of the
laser capacity.
[0075] More efficient ways can be used to direct the
laser beam. Scanning of the glass or beam delivery optics
can be combined with rapid beam deflection available
from galvanometer mirrors (galvo) and f-theta lenses, or
with piezo actuation of optics or the glass or small ranges,
or electro-optic beam deflection (EOD) or acousto-optic
beam deflection (AOD), to allow the beam to be rapidly
adjusted in a direction orthogonal to the linear "raster"
scan direction described above. In that case, as the beam
is scanned along the y-axis, small and rapid adjustments
may be made with the fast beam deflector that allow the
pulses to be directed to any hole within a certain range
of the linear stage (x,y) coordinate at a given time. So
instead of being able to direct the laser beam holes to
only given locations along a line, the system can now
direct the laser beam to any holes within a swath of width
dy of the raster scan line. This can greatly increase the
number of accessible holes by the laser beam per unit
time, and thus greatly increase the number of holes/sec
that may be drilled. In addition, the fast beam deflector
may be used not only in a direction perpendicular to the
raster scan axis, but also parallel to the scan axis. By
also deflecting the beam parallel to the scan axis, the
fast beam deflecting component (e.g. galvo, AOD, EOD,
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piezo) can be used to allow for holes within a dy swath
that have identical scan axis locations (e.g. the x-axis in
the above example) but different y-axis locations to be
drilled, since the beam can be "moved" backwards rela-
tive to the stage scan to drill a second hole at a given x-
location without stopping the linear stage motion. In ad-
dition, fast deflection along the scan axis also allows for
more precision in the placement of holes, since it can be
used to direct the beam to the desired x-axis location
regardless of any small time delays in when the pulsed
laser is available to fire a burst, and also compensate for
velocity and acceleration artifacts in the linear stage mo-
tion.
[0076] Alternatively, instead of continuously scanning
in one direction and making fast beam movements in
coordination with that scan, it is also possible to use more
traditional "step and repeat" methods, where the linear
stages are moved to a specific (x,y) location, all the holes
within a certain field of a fast beam deflector (e.g. a galvo)
are drilled, and the linear stages are stepped to a new
(x,y) location, and the process is repeated. However, it
may be advantageous for overall drilling speed to instead
use the aforementioned coordinated linear stages and
fast deflector method where the linear stages are kept
moving almost constantly.
[0077] To achieve even higher system throughput
(holes/sec/system, the above beam scanning methods
may also be combined with beam splitting techniques,
where a common laser source has its bursts distributed
among multiple beam delivery heads above a single sub-
strate or series of substrates. For example, an acousto-
optic or electro-optic elements may be used to deflect
every Nth pulse to a given optical path, and there may be
N optical heads used. This may be accomplished by em-
ploying the angle-deflection properties of such beam
steering elements, or by using the polarization altering
properties of such elements to direct the beams through
polarization dependent beam splitters.
[0078] Depending upon the desired pattern of damage
tracks (and the through-holes created therefrom by the
etching process) the damage tracks can be created at a
speed greater than about 50 damage tracks/second,
greater than about 100 damage tracks/second, greater
than about 500 damage tracks/second, greater than
about 1,000 damage tracks/second, greater than about
2,000 damage tracks/second, greater than about 3,000
damage tracks/second, greater than about 4,000 dam-
age tracks/second, greater than about 5,000 damage
tracks/second, greater than about 6,000 damage
tracks/second, greater than about 7,000 damage
tracks/second, greater than about 8,000 damage
tracks/second, greater than about 9,000 damage
tracks/second, greater than about 10,000 damage
tracks/second, greater than about 25,000 damage
tracks/second, greater than about 50,000 damage
tracks/second, greater than about 75,000 damage
tracks/second, or greater than about 100,000 damage
tracks/second.

Etching:

[0079] To enlarge the holes to a size useful for met-
al/conductive material coating/filling and electrical con-
nections, the parts were acid etched. Use of acid etching
to enlarge the holes to a final diameter can have a number
of benefits: 1) acid etching changes the holes from a size
(for example, about 1 micron) that is too small to practi-
cally metalize and use for interposers to more convenient
size (for example, 5 microns or higher); 2) etching can
take what may start as a non-contiguous hole or simply
a damage track through the glass and etch it out to form
a continuous though-hole via; 3) etching is a highly par-
allel process where all of the holes/damage tracks in a
part are enlarged at the same time - which is much faster
than what would happen if a laser had to re-visit the hole
and drill out more material to enlarge it; and 4) etching
helps blunt any edges or small checks within the part,
increasing the overall strength and reliability of the ma-
terial.
[0080] FIGs. 52A and 52B illustrate a substrate 1000
after laser drilling and after acid etching, respectively. As
shown in FIG. 52A, a substrate 1000 can be subjected
to any of the laser drilling processes described above to
form one or more damage tracks or pilot holes 1002 ex-
tending from a first or top surface 1004 to a second or
bottom surface 1006. Damage track 1002 is illustrated
as being a continuous hole for illustration purposes only.
As described above, in some embodiments, damage
track 1002 is a non-continuous hole wherein particles of
the substrate are present in the damage track. As shown
in FIG. 52B, after substrate 1000 is subjected to any of
the etching processes described below, the damage
track is enlarged to a create a through-hole via 1008,
having a top diameter Dt at a top opening in top surface
1004, a bottom diameter Db at a bottom opening in bot-
tom surface 1006, and a waist diameter Dw. As used
herein, the waist refers to the narrowest portion of a hole
located between the top and bottom openings. While the
profile of through-hole via 1008 is shown as being hour-
glass shaped due to the waist, this is only exemplary. In
some embodiments, the through-hole vias are substan-
tially cylindrical. In some embodiments, the etching proc-
ess produces through-hole vias having a diameter great-
er than 1 micron, greater than about 2 microns, greater
than about 3 microns, greater than about 4 microns,
greater than about 5 microns, greater than about 10 mi-
crons, greater than about 15 microns, or greater than
about 20 microns.
[0081] In one example, the acid used was 10% HF /
15% HNO3 by volume. The parts were etched for 53 min-
utes at a temperature of 24-25 °C to remove about 100
microns of material. The parts were immersed in this acid
bath, and ultrasonic agitation at a combination of 40 kHz
and 80 kHz frequencies was used to facilitate penetration
of fluid and fluid exchange in the holes/damage tracks.
In addition, manual agitation (e.g. mechanical agitation)
of the part within the ultrasonic field was made to prevent
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standing wave patterns from the ultrasonic field from cre-
ating "hot spots" or cavitation related damage on the part,
and also to provide macroscopic fluid flow across the
part. The acid composition and etch rate was intentionally
designed to slowly etch the part - a material removal rate
of only 1.9 microns/minute. An etch rate of less than, for
example, about 2 microns/minute allows acid to fully pen-
etrate the narrow holes/damage tracks and agitation to
exchange fresh fluid and remove dissolved material from
the holes/damage tracks which are initially very narrow.
This allows the holes to expand during the etch at nearly
the same rate throughout the thickness of the substrate
(i.e. throughout the length of the hole or damage track).
In some embodiments, the etch rate can be a rate of less
than about 10 microns/min, such as a rate of less than
about 5 microns/min, or a rate of less than about 2 mi-
crons/min.
[0082] FIGS. 13A and 13B show top and bottom views
of a resulting part. The holes are about 95 microns in
diameter, and are very circular, indicating that there was
very little micro-cracking of the material. The holes are
at 300 micron pitch, and each hole is approximately 90-95
microns in diameter. The images in FIGS. 13A and 13B
were taken with a back light, and the bright regions within
each hole also indicate that the holes have been fully
opened by the acid etching. The same samples were
then diced, to look more closely at the interior profiles of
the holes. FIGS. 15 and 16 show the results. The holes
have an "hourglass" shape, i.e., they taper down toward
the middle of the hole. Typically this shape is determined
by the etching environment, rather than the pilot hole
formation process. The bright areas are the glass; the
dark areas are the holes. The top (laser incidence) diam-
eter of the holes is about 89 micron diameter, the waist
is about 71 microns, and the bottom (laser exit) diameter
is about 85 microns.
[0083] In contrast, FIG. 14 shows results of etching a
sample that had significant micro-cracking from the laser
process - the holes etch out into elongated shapes in-
stead of circular features. Micro-cracking can be reduced
by lowering the laser burst energy, increasing the number
of pulses per burst, or by increasing the length of the line
focus, for example by using a longer focal length objective
lens. These changes can lower the energy density con-
tained within the substrate. In addition, care must be
made to ensure optimal alignment of the optical system
such that aberrations are not introduced to the line focus
so that azimuthal asymmetries are created in the line
focus. Such asymmetries can introduce high energy den-
sity locations within the substrate that can lead to micro
cracks.
[0084] To verify that this laser and etch process gave
consistent results, hole patterns were made of 100x100
arrays (10,000 total holes) at 300 micron pitch, and the
etched samples were then measured using a machine
vision system to obtain the top and bottom diameters of
each hole, as well as the diameter of the waist. The results
are shown as histograms in FIGS. 17A-17C. The top and

bottom diameters are both about 95 microns, very close
in size, and the standard deviation of about 2.5 microns.
In contrast to the top and bottom diameters, the waists
are about 70 microns, with a standard deviation of about
3 microns. Thus, the waists are about 30% narrower than
the top and bottom diameters. FIGS. 18A-18C show his-
tograms of circularity measurements on the same holes,
for top, bottom, and waists. Circularity is defined as the
maximum diameter of the hole minus the minimum di-
ameter of the same hole, and is given in units of microns.
The distributions indicate that the holes are generally cir-
cular to less than about 5 microns. There are no signifi-
cant tails to the distributions that would indicate micro-
cracks or chips that have etched out to create non-round
shapes.
[0085] After forming the acid-etched substrates depict-
ed in FIGs. 13A-16 and having characteristics displayed
in FIGs. 17A-18C, it was found that the acid etching con-
ditions can be modified to adjust various attributes of the
through-holes to make them useful as via through-holes
for an interposer. In some embodiments, for example,
the through-holes can have a top opening, a bottom
opening, and a waist, and the ratio of the diameter of the
waist to the diameter of the top or bottom opening can
be controlled. As used herein, the waist refers to the nar-
rowest portion of a hole located between the top and
bottom openings. Two factors that control the diameter
of the waist, top opening, and bottom opening is the etch-
ing reaction rate and the diffusion rate. In order to etch
away material throughout the thickness of the substrate
to enlarge the damage tracks into via through-holes, the
acid needs to travel the entire length of the damage track.
If the etching rate is too fast so that the acid does not
have time to adequately diffuse and reach all portions of
the damage track, then the acid will disproportionately
etch more material away at the surface of the material
than in the middle of the material. Manipulation of the
Thiele modulus (ϕ) of an etching process, as described
in Thiclc, E.W. Relation between catalytic activity and
size of particle, Industrial and Engineering Chemistry, 31
(1939), pp. 916-920, can be utilized to control the ratio
of the waist diameter to the diameter of the top or bottom
opening. The Thiele modulus is a ratio of the diffusion
time to the etching reaction time and is represented by
the following equation: 

wherein:

kr is the reaction rate constant for etching;
C is the bulk acid concentration;
γ is a factor based on the kinetic reaction order;
r is the radius of the hole during the reaction;
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Deff is the effective diffusivity of the acid through wa-
ter down in the damage track or hole, which is an
augmented natural diffusivity D enhanced by agita-
tion and sonication; and
L is © the thickness of the material.

[0086] According to the equation above, when the
etching reaction time is greater than the diffusion time,
the Thiele modulus will be greater than 1. This means
that the acid will be depleted before it travels the entire
length of the damage track or hole and can be replen-
ished by diffusion in the center of the damage track or
hole. As a result, etching will proceed faster at the top
and bottom of the tracks or holes at a rate governed by
kr and etching at the center will occur more slowly at a
rate governed by diffusion leading to an hourglass-like
shape for the via hole. However, if the diffusion time is
equal to or greater than the etching reaction time, then
the Thiele modulus will be less than or equal to 1. Under
such conditions, the acid concentration will be uniform
along the entire damage track or hole and the damage
track or hole will be etched uniformly, yielding a substan-
tially cylindrical via hole.
[0087] In some embodiments the diffusion time and
etching reaction time can be controlled to control the
Thiele modulus of the etching system, and thereby the
ratio of the waist diameter to the diameters of the top and
bottom openings. FIG. 53 illustrates the relationship be-
tween the Thiele modulus of the etching system and an
expected percentage of the waist diameter with respect
to the diameter of the top and bottom openings. In some
embodiments, the Thiele modulus for the etching process
can be less than or equal to about 5, less than or equal
to about 4.5, less than or equal to about 4, less than or
equal to about 3.5, less than or equal to about 3, less
than or equal to about 2.5, less than or equal to about 2,
less than or equal to about 1.5, or less than or equal to
about 1. In some embodiments, the diameter of the waist
of the via hole is 50% to 100%, 50% to 95%, 50% to 90%,
50% to 85%, 50% to 80%, 50% to 75%, 50% to 70%,
55% to 100%, 55% to 95%, 55% to 90%, 55% to 85%,
55% to 80%, 55% to 75%, 55% to 70%, 60% to 100%,
60% to 95%, 60% to 60%, 60% to 85%, 60% to 80%,
60% to 75%, 60% to 70%, 65% to 100%, 65% to 95%,
65% to 90%, 65% to 85%, 65% to 80%, 65% to 75%,
65% to 70%, 70% to 100%, 70% to 95%, 70% to 90%,
70% to 85%, 70% to 80%, 70% to 75%, 75% to 100%,
75% to 95%, 75% to 90%, 75% to 85%, 75% to 80%,
80% to 100%, 80% to 95%, 80% to 90%, 80% to 85%,
85% to 100%, 85% to 95%, 85% to 90%, 90% to 100%,
90% to 95%, or 95% to 100% of the diameter of the top
and/or bottom opening of the via hole. In some embodi-
ments, the diameter of the waist of the via hole is about
50% or greater, about 55% or greater, about 60% or
greater, about 65% or greater, about 70% or greater,
about 75% or greater, about 80% or greater, about 85%
or greater, about 90% or greater, about 95% or greater,
or about 100% of the diameter of the top and/or bottom

opening of the via hole. In some embodiments, the di-
ameter of the waist of the via hole is 50% to 100%, 50%
to 95%, 50% to 90%, 50% to 85%, 50% to 80%, 50% to
75%, 50% to 70%, 55% to 100%, 55% to 95%, 55% to
90%, 55% to 85%, 55% to 80%, 55% to 75%, 55% to
70%, 60% to 100%, 60% to 95%, 60% to 60%, 60% to
85%, 60% to 80%, 60% to 75%, 60% to 70%, 65% to
100%, 65% to 95%, 65% to 90%, 65% to 85%, 65% to
80%, 65% to 75%, 65% to 70%, 70% to 100%, 70% to
95%, 70% to 90%, 70% to 85%, 70% to 80%, 70% to
75%, 75% to 100%, 75% to 95%, 75% to 90%, 75% to
85%, 75% to 80%, 80% to 100%, 80% to 95%, 80% to
90%, 80% to 85%, 85% to 100%, 85% to 95%, 85% to
90%, 90% to 100%, 90% to 95%, or 95% to 100% of the
average diameter of the top and bottom opening of the
via hole. In some embodiments, the diameter of the waist
of the via hole is about 50% or greater, about 55% or
greater, about 60% or greater, about 65% or greater,
about 70% or greater, about 75% or greater, about 80%
or greater, about 85% or greater, about 90% or greater,
about 95% or greater, or about 100% of average of the
diameter of the top and bottom opening of the via hole.
[0088] As can be determined from Thiele modulus
equation above the initial radius of the damage track and
the thickness of the glass contribute to the Thiele
modulus. FIG. 54 illustrates how the Thiele modulus
decreases with the initial radius of the damage track. FIG.
55 illustrates how the Thiele modulus increases with the
half-thickness of the substrate. The thickness of the
substrate and radius of the damage tracks are factors
that in some instances cannot be changed if a certain
thickness or radius of the damage track is needed. Thus
other factors affecting the Thiele modulus can be
adjusted in such instances. For example, FIG. 56
illustrates how the Thiele modulus decreases as the
effective diffusivity (Deff) increases. In some
embodiments, the effective diffusivity can be increased
by adding agitation and/or sonication to the etching
conditions as described in more detail below. FIG. 57
illustrates how the Thiele modulus decreases as the acid
concentration decreases, in this example the HF
concentration. FIG. 57 also illustrates how a combination
of increasing the effective diffusivity and decreasing the
acid concentration decreases the Thiele modulus.
[0089] In some embodiments, the etching reaction
time can be controlled by adjusting the acid concentration
in the etching solution. In some embodiments, the etching
solution can be an aqueous solution including deionized
water, a primary acid, and a secondary acid. The primary
acid can be hydrofluoric acid and the secondary acid can
be nitric acid, hydrochloric acid, or sulfuric acid. In some
embodiments, the etching solution can only include a pri-
mary acid. In some embodiments, the etching solution
can include a primary acid other than hydrofluoric acid
and/or a second acid other than nitric acid, hydrochloric
acid, or sulfuric acid. Exemplary etching solutions can
include 10% by volume hydrofluoric acid/15% by volume
nitric acid or 5% by volume hydrofluoric acid/7.5% by
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volume nitric acid, or 2.5% by volume hydrofluoric ac-
id/3.75% by volume nitric acid.
[0090] In some embodiments, orientation of the sub-
strate in the etching tank, mechanical agitation, and/or
the addition of surfactant to the etching solution are other
etching conditions that can be modified to adjust the at-
tributes of the via holes. In some embodiments, the etch-
ing solution is ultrasonically agitated and the substrate
is oriented in the etching tank holding the etching solution
so that the top and bottom openings of the damage tracks
receive substantially uniform exposure to the ultrasonic
waves in order for the damage tracks to be etched uni-
formly. For example, if the ultrasonic transducers are ar-
ranged at the bottom of the etching tank, the substrate
can be oriented in the etching tank so that the surfaces
of the substrate with the damage tracks are perpendicular
to the bottom of the etching tank rather than parallel to
the bottom of the etching tank.
[0091] In some embodiments, the etching tank can be
mechanically agitated in the x, y, and z directions to im-
prove uniform etching of the damage tracks. In some
embodiments, the mechanical agitation in the x, y, and
z directions can be continuous.
[0092] In some embodiments, a surfactant can be add-
ed to the etching solution to increase the wettability of
the damage tracks. The increased wettability lowers the
diffusion time and can allow for increasing the ratio of the
diameter of the via hole waist to the diameter of the via
hole top and bottom openings. In some embodiments,
the surfactant can be any suitable surfactant that dis-
solves into the etching solution and that does not react
with the acid(s) in the etching solution. In some embod-
iments, the surfactant can be a fluorosurfactant such as
Capstone® FS-50 or Capstone® FS-54. In some embod-
iments, the concentration of the surfactant in terms of ml
of surfactant/L of etching solution can be about 1, about
1.1, about 1.2, about 1.3, about 1.4, about 1.5, about 1.6,
about 1.7, about 1.8, about 1.9, about 2 or greater.

Speed:

[0093] The major advantage of making perforations or
"pilot holes" or "damage tracks" with a laser using the
methods described above is that process time is ex-
tremely fast. Each of the damage tracks shown in FIG.
8 is made with a single burst of picosecond laser pulses.
This is fundamentally different from percussion drilling,
where many laser pulses are required to progressively
remove layers of material.
[0094] For the samples shown here, the stage speed
was 12 m/min= 200 mm/sec. For the 300 micron spacing,
this means that a laser burst was fired every 1.5msec to
form a hole, which is a formation rate of 667 holes/sec.
Accounting for stage accelerations and decelerations to
make every row of this approximately 30 mm x 30 mm
hole pattern, the hole formation rate was well in excess
of 300 holes/sec. If the pattern was made larger in phys-
ical extent, so the stage would need to accelerate less

often, the average hole formation rate would be faster.
[0095] As the laser used here can easily provide
100,000 pulses/sec at full pulse energy, it is possible to
form holes at this rate. In general, the limitation for hole
formation rate is how fast the laser beam can be moved
relative to the substrate. If the holes are spaced 10 mi-
crons apart, and the stage speed is 1 m/sec, then 100,000
holes/sec are formed. In fact, this is how cutting of sub-
strates is often done. But for practical interposers the
holes are often spaced by hundreds of microns, and at
more random intervals (i.e., there is an aperiodic pattern).
Hence the numbers stated above for the pattern shown
are only about 300 holes/sec. To achieve higher rates,
the stage speed can be increased, for example, from 200
mm/sec to 1 m/sec, realizing another 5X increase in
speed. Similarly, if the average hole pitch was less than
300 microns, the hole formation rate would increase com-
mensurately.
[0096] Besides translating the substrate underneath
the laser beam, it is possible to use other methods for
rapidly moving the laser from hole to hole: moving the
optical head itself, using galvanometers and f-theta lens-
es, acousto-optic deflectors, spatial light modulators, etc.
[0097] As described above, depending upon the de-
sired pattern of damage tracks (and the through-holes
created therefrom by the etching process) the damage
tracks can be created at a speed greater than about 50
damage tracks/second, greater than about 100 damage
tracks/second, greater than about 500 damage
tracks/second, greater than about 1,000 damage
tracks/second, greater than about 2,000 damage
tracks/second, greater than about 3,000 damage
tracks/second, greater than about 4,000 damage
tracks/second, greater than about 5,000 damage
tracks/second, greater than about 6,000 damage
tracks/second, greater than about 7,000 damage
tracks/second, greater than about 8,000 damage
tracks/second, greater than about 9,000 damage
tracks/second, greater than about 10,000 damage
tracks/second, greater than about 25,000 damage
tracks/second, greater than about 50,000 damage
tracks/second, greater than about 75,000 damage
tracks/second, or greater than about 100,000 damage
tracks/second.

Final parts:

[0098] In some embodiments, subjecting a substrate
to the above processes of damage track formation and
acid etching can result in a substrate with a plurality of
through-hole vias. In some embodiments, the vias can
have a diameter of about 30 microns or less, about 25
microns or less, about 20 microns or less, about 15 mi-
crons or less, about 10 microns or less, in a range from
about 5 to about 10 microns, about 5 to about 15 microns,
about 5 to about 20 microns, about 5 to about 25 microns,
about 5 to about 30 microns, or up to many tens of mi-
crons depending upon requirements for the intended use.
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In other embodiments, the vias can have a diameter of
greater than about 20 mm. In some embodiments, the
substrate can have vias with varying diameter, for exam-
ple the vias can have a difference of at least 5 mm in
diameter. In some embodiments, a difference in the di-
ameter of the top opening and the bottom opening of the
vias can be 3mm or less, 2.5 mm or less, 2 mm or less,
1.5 mm or less or 1 mm or less, which can be enabled by
the use of a line focus beam to create damage tracks in
the material. These damage tracks maintain a very small
diameter over the entire depth of the substrate, which is
what ultimately yields uniform top and bottom diameters
after etching. In some embodiments, the spacing (center
to center distance) between adjacent the vias can be
about 10 mm or greater, about 20 mm or greater, about
30 mm or greater, about 40 mm or greater, about 50 mm
or greater. In some embodiments, the spacing of adja-
cent vias can be up to about 20 mm. In some embodi-
ments, the density of the vias can about 0.01 vias/mm2

or greater, about 0.1 vias/mm2 or greater, about 1
via/mm2 or greater, about 5 vias/mm2 or greater, about
10 vias/mm2 or greater, about 20 vias/mm2 or greater,
about 30 vias/mm2 or greater, about 40 vias/mm2 or
greater, about 50 vias/mm2 or greater, about 75 vias/mm2

or greater, about 100 vias/mm2 or greater, about 150
vias/mm2 or greater, about 200 vias/mm2 or greater,
about 250 vias/mm2 or greater, about 300 vias/mm2 or
greater, about 350 vias/mm2 or greater, about 400 vi-
as/mm2 or greater, about 450 vias/mm2 or greater, about
500 vias/mm2 or greater, about 550 vias/mm2 or greater,
about 600 vias/mm2 or greater, or about 650 vias/mm2

or greater. In some embodiments, the density of the vias
can range from about 0.01 via/mm2 to about 650
via/mm2, or about 5 via/mm2 to about 50 via/mm2.
[0099] As discussed above, in some embodiments, the
diameter of the waist of the via hole is 50% to 100%, 50%
to 95%, 50% to 90%, 50% to 85%, 50% to 80%, 50% to
75%, 50% to 70%, 55% to 100%, 55% to 95%, 55% to
90%, 55% to 85%, 55% to 80%, 55% to 75%, 55% to
70%, 60% to 100%, 60% to 95%, 60% to 60%, 60% to
85%, 60% to 80%, 60% to 75%, 60% to 70%, 65% to
100%, 65% to 95%, 65% to 90%, 65% to 85%, 65% to
80%, 65% to 75%, 65% to 70%, 70% to 100%, 70% to
95%, 70% to 90%, 70% to 85%, 70% to 80%, 70% to
75%, 75% to 100%, 75% to 95%, 75% to 90%, 75% to
85%, 75% to 80%, 80% to 100%, 80% to 95%, 80% to
90%, 80% to 85%, 85% to 100%, 85% to 95%, 85% to
90%, 90% to 100%, 90% to 95%, or 95% to 100% of the
diameter of the top and/or bottom opening of the via hole.
In some embodiments, the diameter of the waist of the
via hole is about 50% or greater, about 55% or greater,
about 60% or greater, about 65% or greater, about 70%
or greater, about 75% or greater, about 80% or greater,
about 85% or greater, about 90% or greater, about 95%
or greater, or about 100% of the diameter of the top and/or
bottom opening of the via hole. In some embodiments,
the diameter of the waist of the via hole is 50% to 100%,
50% to 95%, 50% to 90%, 50% to 85%, 50% to 80%,

50% to 75%, 50% to 70%, 55% to 100%, 55% to 95%,
55% to 90%, 55% to 85%, 55% to 80%, 55% to 75%,
55% to 70%, 60% to 100%, 60% to 95%, 60% to 60%,
60% to 85%, 60% to 80%, 60% to 75%, 60% to 70%,
65% to 100%, 65% to 95%, 65% to 90%, 65% to 85%,
65% to 80%, 65% to 75%, 65% to 70%, 70% to 100%,
70% to 95%, 70% to 90%, 70% to 85%, 70% to 80%,
70% to 75%, 75% to 100%, 75% to 95%, 75% to 90%,
75% to 85%, 75% to 80%, 80% to 100%, 80% to 95%,
80% to 90%, 80% to 85%, 85% to 100%, 85% to 95%,
85% to 90%, 90% to 100%, 90% to 95%, or 95% to 100%
of the average diameter of the top and bottom opening
of the via hole. In some embodiments, the diameter of
the waist of the via hole is about 50% or greater, about
55% or greater, about 60% or greater, about 65% or
greater, about 70% or greater, about 75% or greater,
about 80% or greater, about 85% or greater, about 90%
or greater, about 95% or greater, or about 100% of the
average diameter of the top and bottom opening of the
via hole.
[0100] In some embodiments, an aspect ratio (sub-
strate thickness:via diameter) of the via holes can be
about 1:1 or greater, about 2:1 or greater, about 3:1 or
greater, about 4:1 or greater, about 5:1 or greater, about
6:1 or greater, about 7:1 or greater, about 8:1 or greater,
about 9:1 or greater, about 10:1 or greater, about 11:1
or greater, about 12:1 or greater, about 13:1 or greater,
about 14:1 or greater, about 15:1 or greater, about 16:1
or greater, about 17:1 or greater, about 18:1 or greater,
about 19:1 or greater, about 20:1 or greater, about 25:1
or greater, about 30:1 or greater, or about 35:1 or greater.
In some embodiments, the aspect ratio of the via holes
can be in a range from about 5:1 to about 10:1, about
5:1 to 20:1, about 5:1 to 30:1, or about 10:1 to 20:1 about
10:1 to 30:1.
[0101] In some embodiments, the substrate has a
thickness in a range from about 20 mm to about 3 mm,
from about 20 mm to about 1 mm, or from about 50 mm
to 300 mm, or from 100 mm to 750 mm, or from about 1
mm to about 3 mm. In some embodiments, the substrate
can be made of a transparent material, including, but not
limited to, glass, fused silica, synthetic quartz, a glass
ceramic, ceramic, and a crystalline material such as sap-
phire.. In some embodiments the substrate can be glass
and the glass can include alkali containing glass, alkali-
free glass (for example an alkali-free alkaline alumi-
noborosilicate glass), or laminated glass pieces with lay-
ers containing different glass compositions. In some em-
bodiments, the glass can be chemically strengthened
(e.g. ion exchanged) glass. In some embodiments, the
substrate can be transparent to at least one wavelength
in a range from about 390 nm to about 700 nm. In some
embodiments, the substrate can transmit at least 70%,
at least 75%, at least 80%, at least 85%, or at least 90%
of at least one wavelength in a range from about 390 nm
to about 700 nm.
[0102] The through-hole vias can then be coated
and/or filled with a conductive material and used for elec-
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trical interposer applications. In some embodiments, the
coating and/or filling can be done by metallization. Met-
allization can be done, for example, by vacuum deposi-
tion, electroless plating, filling with conductive paste, or
a variety of other methods. After that, electrical traces
may be patterned on the surfaces of the parts, and a
series of re-distribution layers and contact pads may be
built up that allow routing of electrical signals from the
holes to connections on microchips or other electrical
circuitry.
[0103] For biochemical applications such as digital
polymerase chain reaction (dPCR) testing, the parts can
also be functionalized with coatings that allow control of
the hydrophilic or hydrophobic nature of the surface. Oth-
er coatings can also be applied, that allow attachment of
antibodies, proteins, or other biomolecules. For dPCR
microarrays, substrates with very dense and regular ar-
rays of holes are particularly useful - for example hexag-
onally close-packed patterns of holes at pitches of less
than about 100 micron. For such a pattern, the speed
possible with the aforementioned laser process is partic-
ularly high, as the laser can be fired extremely often and
effectively use the full repetition rate of the laser. Thus
hole formation rates in excess of 10,000 holes/sec may
be achieved (1 m/sec stage speed with 100 micron spac-
ing of holes). It should be noted that the hole forming may
only utilize a small fraction of the laser pulses. The laser
burst repetition rate can easily be hundreds of kHz, while
it can be difficult to direct the beam to new hole locations
at rates great enough to use all of these bursts. For ex-
ample, the actual hole forming rate may be 100 holes/sec,
500 holes/sec, 999 holes/sec, 3,000 holes/sec, 5,000
holes/sec, 10,000 holes/sec, while the laser repetition
rate at the same time may be 100,000 bursts/sec,
200,000 bursts/sec. In these cases most of the burst
pulse is redirected by a device such as an electro-optic
modulator to enter a beam dump, rather than being di-
rected out of the laser and to the substrate. Thus a smaller
number of bursts/sec are utilized for hole drilling than
what is actually available from the full repetition rate of
the laser. Many short pulse lasers have electro-optic or
acoustic-optic modulators at their outputs, enabling them
to be operated in such a fashion.

EXAMPLES

Example 1

[0104] Test samples of Corning Eagle XG® glass (300
microns thickness) were prepared for making through
holes in the samples, shown in FIGS. 19B and 19C. Small
radial cracks inside the glass, about 10 microns in extent,
were observed, as shown in FIG. 19A, in all samples
despite varying the burst energy and number of pulses
per burst of the picosecond laser, and varying the pitch
from 50 microns to 300 microns.
[0105] Additional samples of Corning Eagle XG® glass
(150 micron thickness) were prepared for making through

holes followed by etching to enlarge the diameter of the
hole. The parts were: 100x100 hole arrays at 300 micron
pitch, varying the laser power or burst energy (5 sam-
ples), one sample having a 150x150 hole array at 200
microns pitch, and one sample having a 300x300 hole
array at 100 micron pitch. As shown in the pre-etch pho-
tographs in FIGS. 20A-20C, the top view (FIG. 20A), bot-
tom view (FIG. 20B), and side view (FIG. 20C), through
holes were successfully made with no substantial chips
or cracks at the glass surface, but with some internal
radial cracks and subsurface damage (not shown). As
shown in FIGS. 21A-21E, top views of the 100x100 hole
arrays at 300 microns pitch post-etch (etched out to about
100 microns diameter) with increasing laser power (FIG.
21A=55%, FIG. 21B=65%, FIG. 21C=75%, FIG.
21D=85%, FIG. 21E=100% laser power) show that the
best results were obtained at the higher power levels
(roundest holes, no clogging (a dark center indicates a
clogged hole)), with an optimum at about 75-85% power,
with the same results found for bottom views of the same
samples, shown in FIGS. 22A-22E (FIG. 22A=55%, FIG.
22B=65%, FIG. 22C=75%, FIG. 22D=85%, FIG.
22E=100% laser power).
[0106] As shown in FIGS. 23A-23C, larger array test
results at 65% laser power (FIG. 23A = 150x150 array,
200 microns pitch, 100 microns holes) (FIGS. 23B-23C
= 300x300 array, 100 micron pitch, 50 micron holes) pro-
duced round holes for both 100 micron and 50 micron
holes, but also some clogging, with some periodicity in
the clogging (possibly due to ultrasound standing waves
creating small regions of higher and lower mixing during
etching), and also some regions with cracked and
chipped holes, as shown in FIG. 23C.
[0107] Dimensional analysis on two 100x100 array
samples showed that circularity (circularity = largest in-
scribed diameter - smallest inscribed diameter) is good
(i.e., less than about 5 microns), as shown in FIGS. 25A-
25C for the first sample (FIG. 25A=top, FIG. 25B=bottom,
FIG. 25C=waists), and 27A-27C for the second sample
(FIG. 27A=top, FIG. 27B=bottom, FIG. 27C=waists), and
the top (shown in FIG. 24A for the first sample and FIG.
26A for the second sample) and bottom (shown in FIG.
24B for the first sample and FIG. 26B for the second
sample) diameters are nearly equal, and the waists
(shown in FIG. 24C for the first sample and FIG. 26C for
the second sample) are open.

Example 2

[0108] Additional samples of Corning Eagle XG® glass
(300 micron thickness) were tested to examine how hole
quality varies with final diameter (post-etch). Through
holes were made in 150x150 arrays (22,500 holes for
each sample) at 300 microns pitch, with increasing laser
power (55,65, 75, 85, and 100% laser power), and at four
hole diameters obtained by etch removal (30, 50, 75, and
100 micron diameters). The laser conditions for the
through hole making process were: 50 mm lens, 12 m/min
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(200 mm/sec) stage speed, 200 kHz repetition rate 3
pulses per burst. The through holes were made at about
187 holes/sec. As shown in FIGS. 28A-28C for 30 mi-
crons holes and in FIGS. 29A-29C for 50 microns holes,
at 100% laser power, the waists on 30 microns holes
appear narrowed (FIG. 28B), while the waists on 50 mi-
cron holes (FIG. 29B) are wide open. As shown in FIGS.
30A-30C for 75 microns holes and in FIGS. 31A-31C for
100 micron holes, at 100% laser power the waists (FIGS.
30B and 31B) on both sizes are wide open. As shown in
FIGS. 32A-32C for 30 microns holes and in FIGS. 33A-
33C for 50 microns holes, at 85% laser power the waists
on 30 micron holes appear narrowed (FIG. 32B), while
the waists on 50 micron holes (FIG. 33B) are very open.
As shown in FIGS. 34A-34C for 75 micron holes and in
FIGS. 35A-35C for 100 micron holes, at 85% laser power
the waists (FIGS. 34B and 35B) on both sizes are wide
open. As shown in FIGS. 36A-36C for 30 microns holes
and in FIGS. 37A-37C for 50 micron holes, at 75% laser
power the waists on 30 micron holes appear narrowed
(FIG. 36B), while the waists on 50 micron holes (FIG.
37B) are wide open. As shown in FIGS. 38A-38C for 75
micron holes and in FIGS. 39A-39C for 100 micron holes,
at 75% laser power the waists (FIGS. 38B and 39B) on
both sizes are open, but there may be some variability
in overall hole diameter. As shown in FIGS. 40A-40C for
30 micron holes and in FIGS. 41A-41C for 50 micron
holes, at 65% laser power the holes are not fully formed
inside the glass after etch, with the worst results on 30
micron holes (FIG. 41B), although even the 50 micron
holes (FIG. 41A) appear to have some lack of opening
or clogging. As shown in FIGS. 42A-42C for 75 micron
holes and in FIGS. 43A-43C for 100 micron holes, at 65%
laser power there is evidence of poor opening and clog-
ging from top (FIGS. 42A and 43A) and bottom (FIGS.
42C and 43C) views. As shown in FIGS. 44A-44C for 30
micron holes and in FIGS. 45A-45C for 50 micron holes,
at 55% laser power the holes are not fully formed and
acid etching did not open them up. As shown in FIGS.
46A-46C for 75 micron holes and in FIGS. 47A-47C for
100 micron holes, at 55% laser power the holes are not
fully formed and acid etching is not able to open them
up. As shown in FIGS. 47A and 47C, even the 100 micron
holes show evidence of lack of open waists or clogging
in the top and bottom views, respectively.

Example 3

[0109] The methods disclosed herein also enable even
higher process speeds by allowing multiple layers to be
drilled at the same time. FIG. 48 illustrates a focal line
432 extending through three stacked, 150 micron Eagle
XG® glass sheets 430. With the focal line 432 extending
through all three stacked sheets, a full perforation or full
defect line can be formed through all three layers simul-
taneously. To create a full perforation through a stack,
the focal line length needs to be longer than the stack
height. Once the parts are drilled, they can be separated

and then etched, which allows for easier access of the
aid into the holes of each sheet.
[0110] A significant advantage of this line focus method
for drilling is that the process is no sensitive to air gaps
between the parts, unlike processes that rely upon self-
focusing of the laser beam. For example, a focused
Gaussian beam will diverge upon entering the first glass
layer and will not drill to large depths, or if self-focusing
occurs due to reflection along the side of the hole or
waveguiding as the as the glass is drilled, the beam will
emerge from the first glass layer and diffract, and will not
drill into the second glass layer. Even in the case of laser
processes that use Kerr-effect based self-focusing
(sometimes referred to as "filamentation") to achieve
longer interaction lengths inside materials, having the la-
ser beam leave an upper glass piece and enter air is
problematic, as air requires -20 times more power in air
to induce Kerr-effect based self-focusing over the power
need to maintain Kerr-effect self-focusing in glass. In con-
trast, a Bessel beam will drill both glass layers over the
full extent of the line focus, regardless of changes (up to
many hundreds of microns or even 1 mm) in the size of
the air gap.

Example 4

[0111] It is also possible to insert protective layers or
coatings on top of, below, and in-between the glass piec-
es during such a drilling process. As long as the material
is transparent to the laser radiation, the beam will still
focus through the protective coating and drill the glass
pieces. This can be particularly advatangeous if one
seeks to keep a part clean and prevent scratching or
other handling damage during the drilling process. After
the part is drilled, the coatings can be removed. Likewise,
such layers, such as thin layers of transparent polymer
(such as YY-100 polyethylene self-stick film from Don-
guan Yunyang Industrial Co. Ltd.) can be used in be-
tween the sheets during the stack drilling process to pre-
vent surface abrasion of one sheet on the other, helping
to retain part strength and prevent cosmetic or other de-
fects.
[0112] FIG. 49 shows an image of two sheets of 300
micron thick EXG glass that have been drilled with such
a method. FIG. 50 shows the same parts after acid etch.
In this case the holes appear to be 150 microns in diam-
eter from a side profile, but are actually about 70 microns
in diameter, and only appear to be large form a side per-
spective because there are multiple rows of holes ex-
tending away from the focal plane of the camera, and
each row is slightly offset laterally, giving the illusion of
a large open hole than there actually is. The top view of
the holes (FIG. 51) shows the diameter of the holes are
indeed approximately 70 microns, and the light coming
through the center of each hole indicates they are open
through holes.
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Example 5

[0113] A 150mm thick Corning Eagle XG® glass part
having damage tracks was vertically placed in an acid
etch bath having 5% HF / 7.5% HNO3 by volume. The
part was etched for 810 seconds at a temperature of 26
°C to remove about 13 microns of material at a rate of
about 1 micron/min. Ultrasonic agitation at a combination
of 40 kHz and 80 kHz frequencies was used to facilitate
penetration of fluid and fluid exchange in the holes. In
addition, continuous movement of the part in the x, y, and
z directions within the ultrasonic field was made to pre-
vent standing wave patterns from the ultrasonic field from
creating "hot spots" or cavitation related damage on the
part, and also to provide macroscopic fluid flow across
the part. During etching the damage tracks were enlarged
to create via holes having a 13 mm diameter, an aspect
ratio of 11:1, and a waist diameter that was 73% of the
average of the diameters of the via openings at the top
and bottom surfaces of the glass part. FIG. 58 is a post-
acid etch photograph of a side view of the glass part.
[0114] The relevant teachings of all patents, published
applications and references cited herein are incorporated
by reference in their entirety.
[0115] While exemplary embodiments have been dis-
closed herein, it will be understood by those skilled in the
art that various changes in form and details may be made
therein without departing from the scope encompassed
by the appended claims.

EMBODIMENTS

[0116] The Application also includes the following em-
bodiments:

[1] A method of forming holes in a substantially trans-
parent material comprising:
focusing a pulsed laser beam into a laser beam focal
line oriented along the beam propagation direction
and directed into the material, the laser beam focal
line generating an induced absorption within the ma-
terial, the induced absorption producing a damage
track along the laser beam focal line within the ma-
terial; translating the material and the laser beam
relative to each other, thereby forming a plurality of
damage tracks; and etching the material in an acid
solution to produce through-holes of a diameter
greater than 1 micron by enlarging the damage
tracks in the material.

[2] The method of embodiment [1], wherein a Thiele
modulus of the etching is less than or equal to 2.

[3] The method of embodiment [1] or [2], wherein the
pulsed laser produces bursts with at least 2 pulses
per burst and produces an energy of at least 40 mJ
per burst.

[4] The method of any preceeding embodiment,
wherein the pulsed laser produces at least 500 dam-
age tracks/sec.

[5] The method of any preceeding embodiment,
wherein the pulsed laser produces at least 1,000
damage tracks/sec.

[6] The method of any preceeding embodiment,
wherein the pulsed laser produces at least 5,000
damage tracks/sec.

[7] The method of any preceeding embodiment,
where the focal line is created by using a Bessel
beam or a Gauss-Bessel beam.

[8] The method of any preceeding embodiment,
where the focal line is generated by using an axicon.

[9] The method of any preceeding embodiment,
wherein the material is transparent to at least one
wavelength in a range from 390 nm to 700 nm.

[10] The method of any preceeding embodiment,
wherein the material can transmit at least 70% of at
least one wavelength in a range from 390 nm to 700
nm.

[11] The method of any preceeding embodiment,
wherein the material is a glass.

[12] The method of any one of embodiments [1]-[11],
wherein the material is fused silica.

[13] The method of any preceeding embodiment,
wherein the material is a stack of glass sheets.

[14] The method of any preceeding embodiment,
wherein the etching is at a rate of less than about 10
microns/min.

[15] The method of any preceeding embodiment,
wherein the etching is at a rate of less than about 5
microns/min.

[16] The method of any preceeding embodiment,
wherein the etching is at a rate of less than about 2
microns/min.

[17] The method of any preceeding embodiment,
wherein a pulse duration of the pulsed laser beam
is in a range of between greater than about 1 pico-
second and less than about 100 picoseconds.

[18] The method of embodiment [17], wherein the
pulse duration is in a range of between greater than
about 5 picoseconds and less than about 20 pico-
seconds.
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[19] The method of any preceeding embodiment,
wherein a repetition rate of the laser beam is in a
range of between about 1 kHz and 4 MHz.

[20] The method of embodiment [19], wherein the
repetition rate is in a range of between about 10 kHz
and about 650 kHz.

[21] The method of any preceeding embodiment,
wherein the pulsed laser beam has a burst energy
density in a range from 25 microJoules/mm of line
focus to 125 microJoules/mm of line focus.

[22] The method of any preceeding embodiment,
wherein pulses of the pulsed laser beam are pro-
duced in bursts of at least two pulses separated by
a duration in a range of between about 1 nsec and
about 50 nsec, and wherein a burst repetition fre-
quency of the bursts is in a range of between about
1 kHz and about 650 kHz.

[23] The method of embodiment [22], wherein the at
least two pulses are separated by a duration of 20
nsec plus or minus 2 nsec.

[24] The method of any preceeding embodiment,
wherein the pulsed laser beam has a wavelength
selected such that the material is substantially trans-
parent at the wavelength.

[25] The method of any preceeding embodiment,
wherein the laser beam focal line has a length in a
range of between about 0.1 mm and about 10 mm.

[26] The method of embodiment [25], wherein the
laser beam focal line has a length in a range of be-
tween about 0.1 mm and about 1 mm.

[27] The method of any preceeding embodiment,
wherein the laser beam focal line has an average
spot diameter in a range of between about 0.1 micron
and about 5 microns.

[28] The method of any preceeding embodiment,
wherein the damage tracks each have a diameter
less than or equal to about 5 microns.

[29] The method of any preceeding embodiment,
wherein a spacing between adjacent damage tracks
is between 50 microns and 500 microns.

[30] The method of embodiment [29], wherein the
spacing between adjacent damage tracks is be-
tween 10 microns and 50 microns.

[31] The method of any preceeding embodiment,
wherein translating the material and the laser beam
relative to each other comprises translating the laser

beam using a resonant scanning mirror scanner.

[32] The method of any one of embodiments [1]-[30],
wherein translating the material and the laser beam
relative to each other comprises translating the laser
beam using a galvanometer mirror scanner.

[33] The method of any one of embodiments [1]-[30],
wherein translating the material and the laser beam
relative to each other comprises translating the laser
beam using an acoustooptic deflector.

[34] The method of any preceeding embodiment,
wherein the damage tracks are made in an aperiodic
pattern.

[35] The method of any preceeding embodiment, fur-
ther comprising coating interior surfaces of the
through-holes with an electrical conductor to pro-
duce electrical conductivity between a top and a bot-
tom of the through-holes.

[36] The method of any preceeding embodiment, fur-
ther comprising coating interior surfaces of the
through-holes to facilitate attachment of biomole-
cules.

[37] The method of any preceeding embodiment,
wherein diameter of the through-holes is between 5
microns and 100 microns.

[38] The method of any preceeding embodiment,
wherein: the plurality of through-holes have a diam-
eter of 20 mm or less, a spacing between adjacent
through-holes of 10 mm or greater, the plurality of
through-holes comprise an opening in the first sur-
face, an opening in the second surface, and a waist
located between the opening in the first surface and
the opening in the second surface, a diameter of the
waist is at least 50% of the diameter of the opening
in the first surface or the opening in the second sur-
face, and a difference between a diameter of the
opening in the first surface and a diameter of the
opening in the second surface is 3 mm or less.

[39] An article made by the method of any proceeding
embodiment.

[40] A glass article comprising:
a substrate having a plurality of damage tracks,
wherein the damage tracks have a diameter of less
than 5 microns, a spacing between adjacent holes
of at least 20 microns, and an aspect ratio of 20:1 or
greater.

[41] A glass article according to embodiment [40]:
wherein the diameter of the damage tracks is less
than 1 micron.
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[42] A glass article comprising:
a stack of glass substrates with a plurality of holes
formed through said stack, wherein the holes extend
through each of the glass substrates, the holes being
between about 1 micron and about 100 microns in
diameter, and having a spacing between adjacent
holes of 25 microns to 1,000 microns.

[43] The glass article of embodiment [42], wherein
at least two of the glass substrates are separated by
an air gap larger than 10 microns.

[44] A substantially transparent article comprising:
a multilayer stack of materials, wherein:
the materials are substantially transparent to a wave-
length between 200 nm and 2000 nm, the multilayer
stack has a plurality of holes formed through the mul-
tiple layers of the stack, and the holes are between
1 micron and 100 microns in diameter and have a
hole spacing of 25 microns to 1000 microns.

[45] The substantially transparent article of embod-
iment [44], wherein the multilayer stack is comprised
of:

multiple glass layers and at least one polymer
layer situated between the glass layers; or
at least two glass layers of different composi-
tions; or
at least one glass layer and at least one non-
glass inorganic layer.

[46] A method of forming through-holes in a material
comprising:

forming a plurality of damage tracks into the ma-
terial by focusing a pulsed laser beam into a la-
ser beam focal line oriented along a beam prop-
agation direction and directing the laser beam
focal line into the material, wherein the damage
tracks have a diameter of 5 mm or less;
and etching the material in an acid solution to
enlarge the plurality of defect lines to produce a
plurality of through-holes in the material, where-
in a Thiele modulus of the etching is less than
or equal to 2.

[47] The method of embodiment [46], wherein the
material is transparent to at least one wavelength in
a range from 390 nm to 700 nm.

[48] The method of embodiment [46] or [47], wherein
the material can transmit at least 70% of at least one
wavelength in a range from 390 nm to 700 nm.

[49] The method of any one of embodiments
[46]-[48], further comprising mechanically agitating
the acid solution during etching.

[50] The method of any one of embodiments
[46]-[49], wherein the plurality of through-holes have
a diameter of 20 mm or less and a spacing between
adjacent through-holes of at least 10 microns.

[51] The method of embodiment [50], wherein: the
plurality of through-holes comprise an opening in the
first surface, an opening in the second surface, and
a waist located between the opening in the first sur-
face and the opening in the second surface, a diam-
eter of the waist is at least 50% of the diameter of
the opening in the first surface or the opening in the
second surface, and a difference between a diame-
ter of the opening in the first surface and a diameter
of the opening in the second surface is 3 mm or less.

[52] The method of any one of embodiments
[46]-[51], wherein the acid solution comprises a sur-
factant.

[53] An article comprising: a substrate having a plu-
rality of through-holes continuously extending from
a first surface of the substrate to a second surface
of the substrate, wherein:

the substrate is transparent to at least one wave-
length in a range from 390 nm to 700 nm;
the plurality of through-holes have a diameter of
20 mm or less;
a spacing between adjacent through-holes of 10
mm or greater;
the plurality of through-holes comprise an open-
ing in the first surface, an opening in the second
surface, and a waist located between the open-
ing in the first surface and the opening in the
second surface;
a diameter of the waist is at least 50% of the
diameter of the opening in the first surface or
the opening in the second surface; and
a difference between a diameter of the opening
in the first surface and a diameter of the opening
in the second surface is 3 mm or less.

[54] The article of embodiment [53], wherein the plu-
rality of through-holes have a diameter greater than
5 mm.

[55] The article of embodiment [53] or [54], wherein
the diameter of the waist is at least 70% of the diam-
eter of the opening of the first surface or the opening
in the second surface.

[56] The article of any one of embodiments [53]-[55],
wherein the diameter of the waist is at least 75% of
the diameter of the opening of the first surface or the
opening in the second surface.

[57] The article of any one of embodiments [53]-[56],
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wherein the diameter of the waist is at least 80% of
the diameter of the opening of the first surface or the
opening in the second surface.

[58] The article of any one of embodiments [53]-[57],
wherein the substrate is fused silica.

[59] The article of any one of embodiments [53]-[57],
wherein the substrate is glass.

[60] The article of embodiment [59], wherein the
glass is a chemically strengthened glass.

[61] The article of any one of embodiments [53]-[60],
wherein the substrate has a thickness of 1 mm or
less.

[62] The article of any one of embodiments [53]-[61],
wherein the substrate has a thickness in a range
from 20 mm to 200 mm.

[63] The article of any one of embodiments [53]-[62],
wherein the plurality of through-holes have a density
in a range from 5 through-holes/mm2 to 50 through-
holes/mm2.

[64] The article of any one of embodiments [53]-[63],
wherein the plurality of through-holes have a diam-
eter of 15 mm or less.

[65] The article of any one of embodiments [53]-[64],
wherein the plurality of through-holes have a diam-
eter of 10 mm or less.

[66] The article of any one of embodiments [53]-[65],
wherein the plurality of through-holes have an aspect
ratio in a range from 5:1 to 20:1.

[67] The article of any one of embodiments [53]-[66],
wherein the plurality of through-holes contain a con-
ductive material.

Claims

1. An article comprising:
a substrate having a plurality of through-holes con-
tinuously extending from a first surface of the sub-
strate to a second surface of the substrate, wherein:

the substrate is transparent to at least one wave-
length in a range from 390 nm to 700 nm;
the plurality of through-holes have a diameter of
20 mm or less;
a spacing between adjacent through-holes of 10
mm or greater;
the plurality of through-holes comprise an open-
ing in the first surface, an opening in the second

surface, and a waist located between the open-
ing in the first surface and the opening in the
second surface;
a diameter of the waist is at least 50% of the
diameter of the opening in the first surface or
the opening in the second surface; and
a difference between a diameter of the opening
in the first surface and a diameter of the opening
in the second surface is 3 mm or less.

2. The article of claim 1, wherein the plurality of through-
holes have a diameter greater than 5 mm.

3. The article of claim 1 or claim 2, wherein the diameter
of the waist is at least 70% of the diameter of the
opening of the first surface or the opening in the sec-
ond surface.

4. The article of claim 3, wherein the diameter of the
waist is at least 75% of the diameter of the opening
of the first surface or the opening in the second sur-
face.

5. The article of claim 4, wherein the diameter of the
waist is at least 80% of the diameter of the opening
of the first surface or the opening in the second sur-
face.

6. The article of any one of claims 1-5, wherein the sub-
strate is fused silica.

7. The article of any one of claims 1-5, wherein the sub-
strate is glass.

8. The article of claim 7, wherein the glass is a chem-
ically strengthened glass.

9. The article of any one of claims 1-8, wherein the sub-
strate has a thickness of 1 mm or less.

10. The article of claim 9, wherein the substrate has a
thickness in a range from 20 mm to 200 mm.

11. The article of any one of claims 1-10, wherein the
plurality of through-holes have a density in a range
from 5 through-holes/mm2 to 50 through-holes/mm2.

12. The article of any one of claims 1-11, wherein the
plurality of through-holes have a diameter of 15 mm
or less or wherein the plurality of through-holes have
a diameter of 10 mm or less.

13. The article of any one of claims 1-12, wherein the
plurality of through-holes have an aspect ratio in a
range from 5:1 to 20:1.

14. The article of any one of claims 1-13, wherein the
plurality of through-holes contain a conductive ma-
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terial.

15. The article of any one of claims 1-14, wherein the
plurality of through-holes have an aperiodic pattern.
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